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Abstract. Analogies between hearing and seeing already existed in ancient Greek theories of perception. 
The present paper follows the evolution of such analogies until the rise of 17th century optics, with 
due regard to the diversity of their origins and nature but with particular emphasis on their bearing 
on the physical concepts of light and sound. Whereas the oíd Greek analogies were only side effects 
of the unifying concepts of perception, the analogies of the 17th century played an important role in 
constructing optical theories by imitation of acoustic theories, or vice versa. This transition depended 
on several factors including the changing relations between optics, music, mathematics, and physics, the 
diversity of early modern concepts of sound, and the rise of a new physics based on experimentation 
and mechanical explanation. 
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1. Seventeenth-Century Optics and Its Relations to Acoustics 

In 1701, the Secrétciire perpétuel of the French Academy of Sciences, Bernard de 
Fontenelle announced Joseph Sauveur’s new acoustics with the historical remarle: 

The philosophers’ need for telescopes and microscopes forced them to study the various paths 
and the various accidents of light with extreme care. Since they did not need to know exactly 
all that belongs to sounds and since they most often treated music as a matter of taste whose 
rules were not likely to be found in philosophy, they did not speculate so much in this direction. 
(Fontenelle, 1701) 

Although the 17th-century physics of sound was far richer than suggested by Fontenelle, 
it remains true that progress was more spectacular in optics and that it was in part related 
to the higher instrumental importance of optical knowledge. We will now examine some 
of this progress and the extent to which it was nonetheless related to contemporary 
developments in acoustics. 

With Kepler’s exception, all the optical theories described in this section are 
mechanical theories, in conformity with a well-known characteristic of early modern 
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natural philosophy. This feature made light more similar to sound, because since Greek 
antiquity the propagation of sound was most often regarded as a mechanical process (with 
the exception of the scholastic theory of ¡inmaterial sound species). This circumstance 
and the rise of physical approaches to sound and music explain why fruitful analogies 
between light and sound only began to occur in the 17th century. More attention to 
individual cases is needed to understand the motivation and nature of such analogies, or 
their occasional exclusión. 

1.1 Kepler 

In 1604, the Germán astronomer Johannes Kepler published his optical foundation of 
astronomy under the modest title Acl Vittelionem paralipomena (Kepler, 1604). There 
he expounded a new theory of visión based on recent improvements in ocular anatomy 
and on his earlier theory of image formation in the camera obscura. Like Alhazen and 
Witelo, he assumed a conic beam of light rays entering the pupil of the eye from every 
point of a lit object. Unlike these authors, he understood that all these rays converged 
on a single point of the retina after traversing the crystalline. He thereby discovered the 
stigmatic properties of lenses as well as the explanation of visión as the 'painting’ of an 
(inverted) picture of the object on the retina. Six years later, he published his Dioptrice 
(Kepler, 1611), which gave a general theory of the newly developed telescope based on 
his notion of stigmatism (Chevalley, 1980, introduction; Lindberg, 1976, chap. 9). 

Although Kepler’s optics was mostly a ray optics in which the deeper nature of 
light was indifferent, the Paralipomena contained an original, explicitly anti-Aristotelian 
theory of light as an immaterial emanation from luminous points. This emanation 
occurred without a médium, which he believed could only impede propagation. It 
was immaterial because it did not entail any decrease of the mass of the source. This 
immateriality and the divine perfection of the sphere implied spherical propagation at 
infinite speed. Kepler defined rays as the radiuses of these spheres of light, and colors as 
attenuations of some specific energy of the rays. He explained reflection and refraction 
by the interaction between two similar geometrical entities, the light surfaces and the 
interfaces between two bodies (Kepler, 1604, chap. 1). 

Even though Kepler had a strong interest in music and sought musical harmonies 
in every department of nature, he does not seem to have derived his concept of light 
from analogy with sound. He even recommended the reverse analogy. After noting 
that according to Aristotle’s De anima ‘there is an analogy between visión, hearing, 
and smelling with respect to the médium,’ he asked: ‘What would happen if we rather 
formed the analogy by taking what we have established about visión as a model to 
dispute hearing and smelling?’ In reply, he suggested that both smells and sounds were 
material emanations that traveled at finite speed, although the materiality of sounds was 
less evident since they did not imply any diminution of the mass of the sounding body 
(Kepler, 1604, pp. 30, 33-34). 
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In a passage of his Harmonices mundi of 1619, Kepler explained the resonance 
between two musical strings—which he believed to occur whenever their characteristic 
frequencies were in a simple ratio—by the synchronicity of the ‘immaterial species’ 
sent by the first string with the oscillations excited in the second. He also reported that 
Porphyry, in his commentary to Ptolemy’s Harmonics, had used the similar synchronicity 
of the species emitted by two strings to explain the consonance of their sounds. Yet he 
immediately rejected this physical explanation of consonance in favor of ratios defined 
by the harmonic figures of constructible regular polygons. The pleasure of consonance 
was too intense, he argued, not to be the manifestation of a divine harmony that only 
the soul was competent to detect. This explains why for Kepler universal harmony did 
not imply much physical analogy between light and sound beyond the shared concept 
of emanation (Kepler, 1619, pp. 14-16). 1 

1.2 Descartes 

Kepler’s theory of visión soon gained general acceptance. It helped to purge optics 
of any remnants of the visual-ray conception. Kepler’s followers nevertheless ignored 
his theory of light as spherical emanations. The most influential of them, Descartes, 
instead provided a mechanical reinterpretation of the Aristotelian medium-based theory. 
According to the world picture sketched in Le monde (Descartes, 1664 [1633]) and in 
his later Principia philosophiae (Descartes, 1644), matter is reduced to puré extensión; 
space is filled with solid particles of various shapes and sizes. The grossest particles 
are those of ordinary matter, which is the ‘third element.’ The smaller contiguous balls 
found between the former ones are those of the ‘second element’ or ‘subtle matter.’ The 
remaining interstices are filled with the still smaller particles of the ‘first element.’ The 
sun and stars are made of this element. Its vórtices induce a centrifugal pressure on the 
balls of the second element. This pressure ( conatus ) is what Descartes calis light. In 
his opinión, the perfect rigidity and the contiguity of the balls imply the instantaneous 
and rectilinear transmission of the light pressure to the eye (as long as no gross matter 
interferes) (Sabra, 1967, chaps. 1-4). 2 

In his Dioptrique of 1637, Descartes offered the analogy of a blindman’s stick, as 
the Stoics had done long ago. He explained refraction by analogy with the normal 
acceleration of a ball when Crossing the border between two different media, and derived 
his sine law of refraction by assuming the conservation of the parallel component of 
motion. In his Météores of 1637, he explained colors by the (tendency to) rotation 
communicated to the balls during their interaction with gross matter. There are no 
waves, no periodicity, and no delayed propagation in this conception. Light is a random 
succession of instantaneously transmitted jerks (Descartes, 1637). 3 

From Aristotelian physics, Descartes inherited the idea that both hearing and seeing 
required a médium. He slightly strengthened the analogy by identifying the States of the 
médium with (tendency to) local motion both for sound and light, and by tracing the 
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propagation of these States to mechanical contact. However, he judged the remaining 
differences to be too important for the analogy to be even mentioned. Whereas in his 
view light propagated by instantaneous pressure between the contiguous particles of 
the second element, sound propagated by delayed collisions between separated particles 
of the third element and thus involved finite motions of this element. He regarded this 
difference as essential, for it derived from his basic concept of matter as extensión (which 
implied the perfect rigidity of the balls of the second element). This is why he wrote 
to Beeckman (22 August 1634, in Tannery, 1908, pp. 307-312): ‘The instantaneous 
propagation of light is to me so certain that if its falsity could be shown, I would be 
ready to admit my complete ignorance of Philosophy.’ The different mechanisms of 
propagation had another consequence, as Descartes explained to Mersenne (June 1632, 
in Tannery, 1908, p. 255): ‘I do not think that sound is reflected at one point, as light 
is, as it is not communicated by straight rays [as light is] but always expands around in 
every direction.’ 

1.3 Mersenne and Kircher on the Harmonies of Sound and Light 

The admirers of Descartes’s mechanical philosophy did not necessarily agree on every 
dissemblance between the Sciences of light and sound. For theological reasons, Mersenne 
believed in a deep analogy between all the Sciences: 

I believe that God wanted all Sciences to depend on each other and to communicate all their 
holdings to each other in the most liberal manner, so that the richest natural ornaments of our 
understanding should teach us the charity with which we must help one another with out ever 
refusing anything to anyone. (Mersenne, 1627, p. 77) 

Unlike Descartes, Mersenne argued that light and sound followed the same law of 
reflection: ‘Optics, Catoptrics, and Dioptrics teach us the rules that serve as exemplars 
to speak about echo, or about reflected and broken sounds.’ He perceived all sorts of 
analogies between the various senses of perception: ‘The sounds and the consonances are 
similar to flavors, to smells and other objects of perception such as colors, magnitudes, 
and figures.’ He judged a major third ‘astringent’ and a minor third ‘insipid,’ compared 
the gravest sound to black and the sharpest to white, the other colors corresponding to 
intermedíate pitches (Mersenne, 1627, pp. 309-310). 4 

Mersenne’s Harmonie universelle of 1636 contains a proposition ‘about the similarities 
and dissimilarities between sound and light’ (Mersenne, 1636-1637, book 1, prop. 25). 
After briefly admitting that light and sound differed in their velocity and in their subtlety, 
he argued that both were some kind of motion of the air, that both carried some qualities 
of bodies (colors and characteristic sounds), that both were invisible, that both ceased 
when the source was turned off, that consonance had an optical counterpart in the 
harmony of colors, and that sound could perhaps be refracted. He went so far as to 
reduce every difference between light and sound to a difference in perceptive ranges: 
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‘If light is nothing but a motion of the air, one may say that it only differs from sound 
inasmuch as it affects the eye instead of the ear.’ And he cited (prop. 47) the second book 
of Virgil’s Aeneid : ‘Tum clarior ignis auditor’ (Then the fire is heard more distinctly) 
and ‘Visaeque canes latrare per umbram’ (And the dogs were seen barking through the 
dark). Following his usual practice, he offered a theological corollary (prop. 48) 5 : 

One can imagine that all creatures are similar to motion, as can be judged from their changes and 
their perpetual alterations: whence it may be said that the whole world is one Sound, which we 
use as word and predication to report everything that belongs in the world to the One who set it 
into motion, and to inform us that we should employ this sound to His glory only and according 
to His saint will. 

The prolific Román Jesuit Athanasius Kircher read Mersenne and Descartes, and 
mechanized his Aristotelian views accordingly. In his Ars magna lucís et umbrae 
(Kircher, 1646), he defined light through the scholastic multiplication of species, the 
species now being a local motion propagated in the médium. He borrowed from 
Mersenne the citations from Virgil as well as the detailed comparison between sound 
and light (without naming his source), and concluded: 

Light is nothing but some motion of some air , which carries to the eyes an image of the prime 
mover, namely the luminous body. Similarly, sound is nothing but a motion of the same air, 
which carries with it various qualities of its causes, namely of the bodies that move it. (Kircher, 
1646, book 2, chap. 6, 131) 

Again like Mersenne, Kircher believed that ‘sounds imitate[d] light’ in its propagation. 
He defined ‘actinobolism’ as the radiation of sound and devoted an entire chapter of 
his book to this new Science. Somewhat like Kepler, he derived ray propagation from 
spherical propagation: ‘This sphere [of sound] cannot be unless it is made of straight 
lines from the sonorous subject through the médium, spreading from the center in every 
direction.’ 

In the ‘Echologia’ sketched in the same book (Kircher, 1646, book 2, p. 134) and 
later developed in his Musurgia universalis (1650), Kircher assumed like Mersenne that 
rays of sound obeyed the optical law of reflection, and derived amazing consequences 
for the acoustics of theaters and hearing trumpets (see Figure 1). He also conceived 
the refraction of sound (p. 140), and, most fancifully, he associated different qualities 
of the human voice with different colors (p. 144). For instance, a grave intense voice 
corresponded to black; an acute, supple, and broken voice to white; a grave and confused 
voice to red. The only significant difference he saw between light and sound was 
the speed of propagation. In a scholastic rephrasing of Descartes’s distinction between 
tendency to motion (for light) and actual motion (for sound), he opposed the ‘intentional 
species’ of light, which propágate instantaneously, to the ‘real species’ of sound, which 
propágate at a finite speed (book 1, p. 32) (Hunt, 1978, pp. 121-124). 6 
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Fig. 1. Kircher’s speaking statues. From Kircher (1650, vol. 2, p. 303). The reflection of acoustic rays 
is drawn on the included ‘Fig. III.' 
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1.4 Hobbes’s Lines of Light 

Although Mersenne and Kircher both related ray propagation (inspired by optics), with 
spherical wave propagation (inspired from the stoic understanding of sound), they did 
not exploit this putative relation. The first philosopher to do so was Mersenne’s English 
friend Thomas Hobbes, in an optical treatise published as part of Mersenne’s Synopsis of 
1644. In accordance with his thoroughly mechanistic views, Hobbes defined light as the 
motion of a médium induced by global dilations and contractions of the source, which 
he compared to a beating heart. He cited the scintillation of stars and the simultaneous 
emission of light in every direction as evidence for this conception. Implicitly assuming 
the incompressibility of the médium, he showed that successive concentric shells of the 
médium had a velocity decreasing with their radius, which explained their decreasing 
effect on the eye (Hobbes, 1644, pp. 567-568). 7 

Most originally, Hobbes defined a ray as ‘the path through which the motion is 
propagated.’ He represented this path by an evenly sliced column (or pyramid) such that 
the médium in a given slice occupied the next slice after an expansión of the source 
(see Figure 2). He called the limits of (a plañe section of) these slices ‘propagated fines 
of light’ and derived their perpendicularity to the sides of the rays from the uniformity 
of the motion of the médium (Hobbes, 1644, pp. 570-572). 8 

Hobbes exploited this perpendicularity in a new derivation of the sine law of refraction. 
When one end of a fine of light reaches the frontier between two media of different 
density, this end travels at a speed different from that of the other end as long as the 
latter remains in the first médium. 9 In order to preserve the length of the line of light 
(which he identified with its intensity) and its perpendicularity to the sides of the rays, 
Hobbes had it rotate during its Crossing of the frontier (see Figure 3). The geometry of 
the resulting figure implies that the sines of the angles of incidence and refraction should 
be proportional to the velocities of the two media. As Hobbes assumed the velocity of 
the denser médium to be smaller, this implies that the refracted ray should be closer to 
the normal in the denser médium. At the end of his treatise, Hobbes vaguely suggested 
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Fig. 2. Hobbes’s drawing of a ray, with the successive lines of light AB, CD.... ML (refraction occurs 
at KO). From Hobbes (1644, p. 570). 
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Fig. 3. Refraction according to Hobbes (1644, p. 572). The line GD separates the rare médium ( rarum ) 
from the dense médium (densum). After the incoming line of light AB reaches the position CD, the 
extremity C travels on the dotted are CG at the end of which it enters the dense médium and assumes 
the rectilinear path GI. The extremity D of the line of light CD travels on the dotted are DH while 
C travels on CG. As CG belongs to the rare médium and DH to the dense médium, the ratio of their 
lengths (or of the radii NC and ND) must be equal to the ratio of the characteristic velocities of the 
two media. Consequently, the sine law of refraction holds. 

that the rotation of the lines of light caused by refraction might explain prismatic colors: 
if this rotation somehow persisted until the ray reached the eye, it could enhance the 
impact of one end of a line of light and diminish that of the other end, thus causing the 
sensations perceived as red and violet (Hobbes, 1644, pp. 572-589). 10 

As we will see in a moment, Hobbes’s highly original derivation of the law of 
refraction inspired later wave-theoretical derivations, just as Descartes’s derivation 
inspired later corpuscular derivations. It must be noted, however, that Descartes and 
Hobbes both believed the propagation of light to be instantaneous. Therefore, the velocity 
ratio which they equated to the ratio or to the inverse ratio of the sines of incidence and 
refraction did not refer to the propagation velocity. For Descartes, the implied velocity 
belonged to an analogy with a process involving instantaneously transmitted endeavors. 
For Hobbes, it referred to the instantaneously transmitted shift of an incompressible fluid. 
In both cases, this velocity had more to do with the intensity of light than with its speed. 

Although the only analogy found in Hobbes’s optical treatise is that of the heart beats, 
he is likely to have been inspired by an analogy with sound propagation as understood by 
his friend Mersenne. Indeed, the global dilations and contractions of Hobbes’s shining 
body resemble the global vibrations of a sounding body. Most strikingly, the flow 
of the optical médium resembles the breaths assumed by Mersenne and many of his 
predecessors. The only difference is the finite time of sound propagation, which could 
be explained by the compressibility of the air. Hobbes’s discussion of sound in his 
later De corpore (1755) confirms his drawing on Mersenne: there he adopted the breath 
conception with circular waves, explained ear trumpets by the confinement of the flow, 
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echoes by the reflection of sound rays, pitch by frequency and consonance by the frequent 
coincidence of pulses. But Hobbes still did not mention the analogy between light and 
sound. One reason for this silence may have been that no theory of sound then had 
sufficient authority to serve as a témplate for other theories (Hobbes, 1655, chap. 29). 11 

Another reason is that Hobbes, by that time, had renounced his original theory of 
light, probably because he now judged the contractions and expansions of the source to 
imply a vacuum incompatible with his philosophy of motion. He replaced his ingenious 
theory of refraction with an erroneous modification of Descartes’s and joined the French 
philosopher in asserting that light only implied an endeavor to motion: 

As visión, so hearing is generated by the motion of the médium, but not in the same manner. 
For sight is from pressure [pressio], that is, from an endeavour [conatus]', in which there is no 
perceptible progression of any of the parts of the médium; but one part urging or thrusting on 
another propagateth that action successively to any distance whatsoever; whereas the motion of 
the médium, by which sound is made, is a stroke [percussio ]. For when we hear, the drum of 
the ear, which is the first organ of hearing, is stricken. (Hobbes, 1655, p. 280 of the Latin) 

Not much was left of the original analogy with sound, except for the general idea of a 
mechanical médium. 12 

1.5 Maignan, Barrow, and Hooke 

Hobbes’s publication of his theory of light in a friend’s compilation, his later 
abandonment of it, Descartes’s misunderstanding and rejection of it, the scandal of his 
Leviathan (1651), John Wallis’s questioning of his geometrical competence (in 1655), 
and his difficult character all contributed to its almost never being cited by later writers on 
optics. Yet a few of them arguably benefited from it. In his Perspectiva horaria of 1648, 
Mersenne’s cióse friend Emmanuel Maignan reinterpreted Hobbes’s derivation of the law 
of refraction in an emissionist framework in which the lines of light became aggregates 
of light corpuscles whose speed depended on the transparent médium (Maignan, 1648, 
pp. 576-578). In his Lectiones opticae of 1669, Isaac Barrow used a similar figure and 
reasoning in a mixed, pseudo-Cartesian view of light in which the rays implied a flux of 
the subtlest element (akin to Descartes’s first element) as well as induced impulses of the 
particles of a grosser element (akin to Descartes’s second element) (Barrow, 1669). The 
success of these transpositions is easily explained by noting that Hobbes’s derivation 
only requires two ingredients: the perpendicularity of the rays to the lines of light, and 
different velocities for the parts of a fine of light when this fine crosses the interface 
between two different media. These two assumptions can be justified both in an emission 
theory (with resisting médium) and in a continuous-medium theory not necessarily of 
Hobbes’s kind. The meaning of the relevant velocities of course depends on the selected 
framework. In Maignan’s and Barrow’s theories, these velocities are identical to the 
propagation velocities. They are not in Hobbes’s theory. 13 
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In his celebrated Micrographia of 1665, Robert Hooke appealed to Hobbes’s notion of 
physical ray (without naming Hobbes) and modified his theory of refraction in a strange 
manner. His motivation was to explain colors and their production by thin transparent 
plates, as studied by his mentor Boyle and produced by the foliated bodies he observed 
under a microscope. His theory of light clearly imitated his concept of sound as a 
periodic succession of pulses caused by a vibrating body. He asserted that light itself 
was a periodic succession of pulses caused by very quick and tiny vibrations of the 
luminous source, and traveling at a very high but finite and well-defined speed in a 
given homogenous médium. To support the vibrational character of light he appealed to 
the foliowing phenomenon and analogy 14 : 

A Diamond being rub’d, struck, or heated in the dark, shines for a pretty while after, so long 
as that motion... remains (in the same manner as a Glass, rubb’d, struck, or... heated, yields a 
sound which lasts as long as the vibrating motion of that sonorous body). (Hooke, 1665, p. 54) 

Hooke explained spherical propagation by analogy with a stone thrown into water, and 
represented ‘physical rays’ by a periodic succession of parallel segments delimited by 
two parallel ‘mathematical rays’ as Hobbes had done with a different interpretation. The 
segments now represented the position of the successive pulses created by the source, 
and their velocity corresponded to the propagation velocity of light. 1 "’ Hooke further 
departed from Hobbes by assuming that the velocity of these segments increased with 
the density of the médium, as assumed by ‘the most acute and excellent philosopher 
Des Cartes’ (Hooke, 1665, p. 57). Following reasoning similar to Hobbes, this implies 
that after Crossing the border between two media of different densities, the pulses are 
inclined with respect to the rays (see Figure 4). Hooke next assumed that the refraction 
weakened the edges of the pulse. This implies that the edge closer to the eye causes a 
gradually increasing sensation when entering it, whereas the edge further from the eye 
causes a gradually decreasing sensation. Hooke interpreted the first kind of sensation as 
blue, and the second as red. He thus explained the extreme colors of a refracted beam 
and pretended to obtain the intermediate ones by combination of blue and red (Hooke, 
1665, pp. 55-64). 16 

Hooke thus lost the Hobbesian explanation of refraction. In compensation, he 
succeeded in explaining the colors of the light reflected by thin glass plates (Hooke, 
1665, pp. 65-67). For this purpose, he assumed that the pulses of the incoming light 
were partially reflected by the first surface of the píate, and partially transmitted to the 
second surface and reflected there. The combination of the two kinds of reflected rays 
forms a periodic succession of pairs of pulses of unequal strength (see Figure 5). The 
distance and order of these pairs depends periodically on the distance traveled by the 
weaker pulses within the glass of the píate (which in turn depends on the thickness of 
the píate and on the inclination of the rays). In conformity with his earlier definition 
of blue and red, Hooke interpreted a weaker pulse followed by a stronger one as blue, 
and the opposite ordering as red. He thus explained his and Boyle’s main observations. 
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Fig. 4. A refracted ray according to Hooke (1665, píate). The pulses GH and KI (after refraction into 
a denser médium) or SG and RQ (after refraction into a rarer médium), are no longer perpendicular to 
the rays. 



Fig. 5. Hooke’s drawing for the reflection of three rays of light (1, 2, 3) by films of different thicknesses. 
From Flooke (1665), píate. Reflection on the first interface (AB, BG, CD) produces the pulses de; 
reflection on the second interface (EF) produces the weaker pulses ef, with a delay depending on the 
thickness of the film. 

Unlike the modern theory of the colors of thin plates, Hooke’s requires white light to 
be a periodic succession of pulses. Hooke was nonetheless first to invoke an analogy 
between light and sound that implied the periodic finite-speed perturbation of a médium 
and to exploit this picture in the explanation of a color phenomenon. Hobbes, who 
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also had in mind a periodic phenomenon, did nothing with the periodicity and assumed 
instantaneous propagation. 17 

As we will see in a moment, Hooke’s fondness of acoustic analogies is most apparent 
in his criticism of Newton’s theory of colors in the mid-1670s. In an unpublished 
address of 11 March 1675 to the Royal Society, he wrote (Birch, 1756-1757, vol. 
3, pp. 193-194): 

Light is a vibrating or tremulous motion in the médium (which is thence called pellucid) 
produced from a like motion in the luminous body, after the same manner as sound was then 
generally explained by a tremulous motion of the médium conveying sound, produced therein 
by a tremulous motion of the sounding body: and that, as there are produced in sound several 
harmonies by proportionate vibrations, so there are produced in light several curious and pleasant 
colours, by the proportionate and harmonious motions of vibrations intermingles; and as those 
of the one are sensated to the ear, so those of the other are by the eye. 

This extract seems reminiscent of Mersenne’s remarks on the analogy between light and 
sound, including the shared harmonies. It has sometimes been interpreted as pointing 
to the correspondence between color and frequency. And it may have been the basis 
for Newton’s subsequent claim that Hooke had adopted this correspondence (Newton, 
[1675], p. 248). 18 

Yet there is no evidence that Hooke ever identified simple colors with the frequency 
of periodic vibrations. On the contrary, in the note of 18 March 1675 to the Royal 
Society in which he described his (independent) discovery of the ‘inflection’ of light 
(Grimaldi’s diffractio ), he asserted ‘that colours begin to appear, when two pulses of 
light are blended so very well, and near together, that the sense takes them for one’ 
(Birch, 1756-1757, vol. 3, pp. 194-195). 19 This idea is the same as that expressed in 
his earlier theory of thin plates, in which a colored impression results from the succession 
of two pulses of different intensity; and white light corresponds to a periodic succession 
of equal pulses. In Hooke’s view, color and pitch are only analogous to the extent that 
they both correspond to a time-ordering of pulses that the perceiving organ is unable 
to sepárate. The earlier cited entry of his diary, of 15 March 1676, States as much: 
‘Compared sound and light and shewed how light produced colours in the same way by 
confounding pulses’ (Hooke, 1935, p. 211). 

Between 1680 and 1682, Hooke gave ‘lectures on light’ posthumously published 
in 1705 (Hooke, 1705, pp. 71-148). There he defended a concept of light that 
implicitly contradicted his earlier views. He first formulated a few objections against 
atomist or emissionist theories, including the exhaustion of the sun and the impossible 
porosity of transparent bodies (Hooke, 1705, pp. 71-75). He then adopted a mechanical 
reinterpretation of Aristotle’s médium theory (pp. 75-76). Following Descartes and 
Hobbes, he identified the médium or ‘aether’ (p. 136) with a perfectly fluid plenum, by 
which he meant an incompressible inviscid fluid. He excluded compressibility because 
it would require lacunae incompatible with the Cartesian identification of matter and 


© 2010 John Wiley & Sons A/S 


218 


O. Darrigol 


extensión, and also because it permitted a simple derivation of the quadratic law for the 
decrease of intensity with distance from the source, both for light and for gravitational 
forces (pp. 92-93). 20 This derivation exploited the conservation of the flux of the ether 
within any cone centered on a point source. Hooke regarded it as sufficient proof that 
his hypothesis represented the true nature of light: ‘So that thence it is evident, that 
Light does act according to the Proportion of the Body moved, observing the same 
Proportions, and therefore can be nothing else but that; for what thing soever hath ah 
the same Properties with another, must be the same’ (p. 114). 

Like Hobbes in his theory of 1644, Hooke imagined that a pulse of a point source 
implied an instantaneous shift of the ether at any distance from the source: 

Light then is nothing else but a peculiar motion of the parts of the luminous body, which does 
affect a fluid body that incompasses the luminous body, which is perfectly fluid, and perfectly 
dense, so as not to admit of any further condensation; but that the parts next the luminous body 
being moved, the whole expansum of that fluid is moved likewise. (Hooke, 1705, p. 113) 

Hooke judged Rpmer’s argument for a finite velocity of light inconclusive (pp. 92-93). 
He nonetheless evoked the analogy between light and sound to argüe for the swiftness 
of the pulses: 

The motion produced by the lucid partióles must be of a certain degree of swiftness.... For ‘tis 
in light, as it is in sound, that the motion must be of a certain degree of swiftness, before motion 
will be propagated in the médium that conveys it. (Hooke, 1705, pp. 116-117) 

Hooke gave the example of a moving stick, whose motion ‘propagates forward into 
the Air’ only if it is sufficiently brisk (otherwise the air flows around the stick). This 
naive image betrays Hooke’s persistent belief in the breath conception of sound. In 
his view, the propagation mechanism of light and sound both implied global shifts of 
the médium, although the ‘spongy, rarefied, or yielding’ character of air as a médium 
implied that sound, unlike light, could only be heard ‘to a certain distance’ (and with a 
certain delay). 21 

Hooke was aware of an obvious difficulty with his concept of light: it seemed to 
imply that the ether shifts caused by the various luminous particles at the surface of an 
extended source should interfere with each other. As Mersenne had done in the case 
of sound, he justified non-interference by analogy with the distinctness of the waves 
created by the simultaneous impact of several drops on a calm surface of water. More 
fundamentally, he propounded that each sensible element of fluid had enough distinct 
particles to convey the pulses from different sources, or else that each sensible element of 
time had enough parts to permit the successive passage of the various pulses. 22 (Hooke, 
1705, p. 133) 

These optical lectures contained very little on colors. Hooke only mentioned that the 
refraction of a white ray of light gave rise to a divergent beam of rays and vaguely 
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related the ‘appearance of colour’ to the refracted rays being ‘oblicated.’ Possibly, he 
realized that his earlier theory about the colors of refracted rays and thin plates was 
incompatible with the infinite velocity of light which he now assumed. Or else he did 
not wish to return to a topic on which he had nothing new to add and indeed one in 
which Newton had now taken the lead (Hooke, 1705, p. 81). 

Hooke’s inability to shake the Cartesian dogma of the incompressible ether was by no 
means unique. As late as the 1680s, Perrault’s Essais de physique included a theory of 
light which similarly conciliated the acoustic analogy with Descartes’s incompressible 
ether (Perrault, 1680). Like Hooke, Perrault argued that the emissionist theory of light 
would imply a quick exhaustion of the sun and exelude transpareney (p. 231). He 
compared the propagation of light to the communication of motion by a contiguous 
series of billiard balls as he had already done for sound (p. 238). He did not fail to 
mention the analogy between the two entities (p. 248): 

The essence of light consists... in the vivacity of the motion of the particles by which the 
partióles of the luminous bodies are agitated, which is such that they have the power to shake 
the neighboring bodies and to sustain this shaking and to transfer it from one partióle to the next 
over a very large distance; and this in the same manner as the shaking of colliding bodies shakes 
the air over a large distance and travels from one partióle to the next until it reaches the ear. 

Perrault explained the observed differences in the propagation of light and sound by 
the different properties of the particles of the relevant médium. Thus, he related the 
finite/infinite speed of propagation to the compressibility/incompressibility of the parti¬ 
cles of the médium (pp. 44-45), the specificity of the receiving organ to the promptitude, 
amplitude, and kind (circular/translational) of the motion of the particles (pp. 51-52), 
the rectilinear/diffuse character of the propagation to the impossibility/possibility of 
a ‘dodging’ motion of some of the particles on a line joining the source and the 
receptor (pp. 242-243). On the basis of his fine investigation of the anatomy of the 
eye and ear, he found much difference between the two senses and used it to argüe 
against the classical idea of universal proportions in music and architecture (Picón, 
1988, p. 152). 23 

To sum up, Hobbes, Hooke, and Perrault all used the analogy with sound in designing 
their optical theories. They relied on the pestle view, namely: they conceived the 
propagation of sound and light as the Wholesale motion of the médium and not as 
compression waves. They followed Descartes in assuming the incompressibility of the 
optical médium and therefore the instantaneous propagation of light, except for Hooke, 
who temporarily assumed a finite velocity of propagation in his theory of colors. Hobbes 
and Hooke assumed the periodicity of the ethereal motion, and Hooke used this property 
in the explanation of the colors of thin plates. Although these authors undoubtedly relied 
on the acoustic analogy, they were discreet about it and rather pretended to be basing 
their optics on observed faets and rational mechanism. 
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1.6 Grimaldi’s Undulations 

Unrelated to the former medium-based theories of light was the singular theory of the 
Jesuit Francesco María Grimaldi, posthumously published in his turgid Physico-mcithesis 
de lumine of 1665 (Grimaldi, 1665). Grimaldi’s concept of light probably originated in 
his discovery of the new optical phenomenon which he called diffractio. In one series 
of experiments (prop. 1), he studied the shadow projected on a distant screen by a 
narrow object when illuminated by sunlight passing through a small hole in a shutter. 
He observed that the penumbra was larger than inrplied by the size of the hole (and 
the diameter of the sun) and exhibited colored fringes, both external and internal to 
the geometric shadow (see Figure 6). He carefully determined that this phenomenon 
depended on a new mode of propagation of light, differing from reflection (by the edges 
of the object), refraction (by some heterogeneous médium), or diffusion (by the air). 

Grimaldi explained the observed fringes by analogy with the undulation of the sur- 
face of a stream beyond an obstacle. He judged that ‘light seem[ed] to be some very 
fast fluid, sometimes also undulating, and pouring through diaphanous media.’ A visi¬ 
ble, macroscopic undulation occurred in the case of diffraction fringes. A much finer, 
invisible undulation occurred in the light reflected or transmitted by colored body, as a 
consequence of the disturbance of the luminous flow by the minute porous structure of 
the body: 

The modification of light through which it is colored... can probably be said to be determined by 
its exceedingly fine undulation \ipsius undulatione minutissime crispata ], as in some trembling 
flow [tremor diffusionis], with the most subtle rolling [certa fluitatione subtilissima ] through 
which it affects the sense of visión by proper and determined application. (Grimaldi, 1665, 
props. 2, 43) 

Although Grimaldi seems to have reached this correspondence between color and 
undulation through a water-stream analogy itself suggested by his discovery of diffrac¬ 
tion, he devoted a full section of his treatise to an analogy between the variety of sounds 
and the variety of colors in nature. In a lengthy preamble to this analogy, he argued 
against the scholastic interpretation of sound as the multiplication of intentional species 
and defended the idea of a mechanical vibration transmitted from the sonorous body to 
the ear through successive elements of the intermedíate air. The implied undulations of 
the air, he went on, reflected the complexity of the vibrations of the source and were thus 
able to produce the whole range of musical or phonetic sounds. Thanks to the bridging 
concept of undulation, he compared this diversity of sounds with the diversity of colors 
acquired by light. Yet he did not introduce the correspondence of frequency with pitch, 
and he did not enuncíate the analogy between pitch and color. His only point was that 
both for the colors of light and for the qualities of sounds (pitch, timbre, or phonetics), 
the properties of some undulation of the médium were determinant (Grimaldi, 1665, 
prop. 44). 24 
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(b) 


Fig. 6. Grimaldi’s first diffraction experiment. From Grimaldi (1665, pp. 2-4). (a) Experimental set 
up (AB = hole in a shutter, FE = object; CD = screen). (b) Colored fringes (N... V) next to the 
geometrical shadow of the object. (c) Internal fringes in the shadow of a L shaped object. 
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1 .7 Pardies ’s Analogy 

The first author who explicitly constructed optics on the basis of analogy with sound 
and water waves was the Jesuit father Ignace Gastón Pardies, in a now lost manuscript 
written around 1670 and entitled ‘On the motion of undulations.’ His treatise on statics, 
published in 1673, contains a short description of the intent of this work: first to describe 
the undulations of water, ‘a matter of game and entertainment for children, which can 
be the subject of a very deep meditation for the most skilled philosophers’; and then to 
treat sound by analogy with these undulations, and light by analogy with sound: 

In a conjecture on the propagation of light, we examine whether one could not also suppose that 

the vehicle of light is some similar motion in a subtler air; and we show indeed that under this 
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hypothesis one would explain in a very natural manner all the properties of light and colors, 
which are otherwise very difficult to explain; and I hope ray reader will enjoy the manner in 
which the measure of refraction is demonstrated. (Pardies, 1673, Préface) 

A younger Jesuit, Pierre Ango, inherited Pardies’s manuscript and used it as a basis for 
the first book of the optical treatise he published in 1682 in París. In the dedication of 
this treatise, Ango emphasized the analogy with sound and Pardies’s importance in this 
respect: 

You will see that [this first book] contains every beautiful and solid thing that can be said on 
the propagation and the properties of light, on colors, and even on sounds, about which I write 
at first, in order to ease the conception of what I subsequently say on light.—There I have used 
some of the thoughts of the late Father Pardies which you believe to be still novel and which 
are in a better shape than this Father left them in the memoirs which you know I long had in 
nry hands. (Ango, 1682, pp. iv-v) 

As there is evidence that Ango’s book closely followed Pardies’s original views, I will 
refer to the author as ‘Ango/Pardies’ (Shapiro, 1973, pp. 209-217; Ziggelaar, 1971). 

The two Jesuits presented their project as a defense of Aristotle’s views against the 
neo-atomism of Gassendi and Maignan. In their opinión, Aristotle’s De anima was the 
main source of the medium-based theory of sound and light. They quoted this text to 
justify their main assumptions, even the spring of air and the analogy of sound and light 
with water waves! For the optical médium, they used Aristotle’s ñame, ‘aether,’ a rare 
occurrence at that time (Ango, 1682, pp. 7—14). 

Ango/Pardies introduced the notion of undulation by means of the picture of a 
vibrating body that induces alternating compressions and dilations of the contiguous 
layer of air, which induce a similar periodic deformation of the next layer, and so forth. 
They believed the spring of air to be a long-known property, recently confirmed by 
Boyle’s experiments and to be explained in a Cartesian manner: by assimilating the air 
with a sponge of a grosser element impregnated with the incompressible ether. They 
insisted that the spring-based mechanism of propagation excluded any transport of air 
from the source, thus clearly rejecting the breath conception that had heretofore been 
most popular. They denounced the common belief that water waves implied a transport 
of water, and pointed to the analogy with the undulation of a tense string periodically 
shaken at one of its ends. This chain of analogies between light, sound, water waves, 
and a vibrating string compensated for the lack of a self-standing dynamical theory of 
sound propagation (Ango, 1682, pp. 15-16). 

Ango/Pardies then introduced some of the main properties of waves by means of 
the water-wave illustration (Ango, 1682, pp. 20-28). They gave an essentially corred 
explanation of the formation of waves by the impact of a stone. They identified the 
direction of propagation with the forcé exerted on a small solid obstacle, and explained 
rectilinear propagation by arguing that the forces exerted on a small portion of a circular 
wave by the contiguous portions cancelled each other. They described the reflection of 
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Fig. 7. The reflection of circular water waves by a plañe wall. From Ango (1682, p. 15). 

the waves by a solid wall as resulting from the specular reflection of portions of the 
waves when hitting the wall (Figure 7), and made the novel comment that the reflected 
waves were no longer circular and yet remained perpendicular to the rays when the wall 
was not a plañe. They described the superposition of the incoming and reflected waves, 
and noted like Mersenne that the waves ‘crossed each other without mutual hindrance’ 
because they ‘passed like over the top of each other’ (our principie of superposition) 
(Ango, 1682, p. 28). 

Ango/Pardies then devoted no less than thirty pages (a quarter of the book on the 
general properties of light) to the case of sound, which they regarded as paradigmatic for 
other undulations (Ango, 1682, pp. 32-59). They rehearsed classical arguments in favor 
of sound as local motion, identified pitch with frequency, expounded the coincidence 
theory of consonance, and dwelled on the intervals of just intonation. More originally, 
they discussed sounding pipes and the propagation of sound on the basis of the spring of 
the air. The length of this section on sound no doubt resulted from their awareness that 
even after Mersenne’ s egregious efforts, no consensus existed on the nature of sound or 
on the mechanism of its propagation. 

Ango/Pardies then turned to the refraction of undulations at the limit between two 
different kinds of air (Ango, 1682, pp. 60-66). They were aware of the derivation of the 
sine law by Maignan and by ‘a learned Englishman’ (Barrow?), rejected it as it relied 
on emissionist principies, and yet adapted it to obtain the ancestor of many later wave- 
theoretical derivations. They replaced the lines of light with periodic undulations meant 
as metaphors for an alternation of compressions and dilations. Another difference was the 
more general geometry: whereas Hobbes, Maignan, and Barrow only considered straight 
lines of light, Ango/Pardies reasoned on incoming spherical waves that became non- 
spherical after plañe refraction. They applied a variant of Hobbes’s kinematic reasoning 
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Fig. 8. The refraction of spherical waves according to Pardies/Ango. From Ango (1682, p. 60). The 
refracted rays ee and ee are normal to the refracted waves ee. If cm and en are the perpendiculars to 
the incoming ray ce and to the refracted ray ee, for any semi-circle CnmK centered on the interface, 
the lengths Km and Kn are proportional to the velocities of the waves in the two media, as can be seen 
by comparing the rectangular triangles Kmc and Knc to the two small quasi-triangles formed on each 
side of the interface by the ray cc, the ray ee, and the normal waves at the refraction points of these 
rays. This implies the sine law of refraction. 

to a small, nearly straight portion of a wave (see Figure 8), then obtained the refracted 
rays by taking the normal to the refracted bit of wave, and the whole refracted waves by 
drawing a series of surfaces normal to the refracted rays such that the distance between 
two consecutive surfaces was a constant (this distance being defined as the common 
length of the portions of rays joining them). 25 

When they at last carne to the case of light, Ango/Pardies argued at length that ‘every 
luminous body breathes’ and thus undergoes periodic, global vibrations that shake the 
surrounding ether (Ango, 1682, pp. 70-73). They also used the heart-beat analogy, 
without naming Hobbes. As they assumed the Cartesian incompressibility of the ether, 
they believed that in the absence of any matter the propagation was instantaneous (as 
in Hobbes’s theory) but that it became truly wave-like whenever some air or other 
transparent matter was present. Their theory of refraction therefore implied the mingling 
of matter with the ether. They believed that light propagated almost instantly until it 
reached the atmosphere and thereafter assumed a finite velocity decreasing as the density 
of the air increased (pp. 80-81). 

On colors, Ango/Pardies adapted the theory of Aristotle’s De sensu, according to 
which the colors of bodies are produced by a mixture of white and black particles in 
various proportions. They approved Aristotle’s interpretation of the most pleasant colors 
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as corresponding to simple ratios in analogy with musical consonance, adding that a 
harmonious combination of colors might also correspond to simple ratios: 

By analogy between sounds and colors..., as we can give the reason why there are chords that 
displease and others that are most pleasant, we could just as well give the reason why there 
are certain colors whose assemblage pleases and others whose unión is not at all agreeable to 
anyone. (Ango, 1682, p. 155) 

They further defined the proportion of black and white corresponding to various colors 
in a manner suggested by the lateral colors of a (broad) beam refracted by a prism. Most 
originally and most obscurely, they distinguished between ‘kinds of colors’ determined 
by the numbers of rays, and ‘nuances of colors’ determined by both the amplitude and 
the frequency of the associated waves: 

In order to explain all the variety of colors, there are in general only two things to be considered 
in the manner in which the rays of light are sent back by objects. Namely, the objects are only 
able to diminish the forcé or the multitude of the rays, the forcé by diminishing the strength and 
frequency of the undulations that they produce in the médium which they press against the eyes 
(because their parts are too soft and two loose to reflect them well); the multitude by not sending 
them back in a number equal to that received from the luminous bodies (because their parts are 
ill adjusted or cut with diverse faces that disperse the rays and deviate them in every direction 
without any order). (Ango, 1682, pp. 153-154) 

From this extract we may infer that for Ango/Pardies, the frequency of the undulations 
was a parameter of color, though not the only one. As they still depended on Aristotle’s 
doctrine, they refrained from the simple and direct identification of color with frequency 
that the analogy with pitch naturally suggested. 26 


1.8 Huygens 

Toward the end of his life, Pardies lent his manuscript on undulations to the great 
geometer Christiaan Huygens, who had been called to Paris by Colbert to organize the 
Royal Academy of Sciences. Huygens approved of much of Pardies’s analogy between 
light and sound. He even thought of using this analogy in the introductory chapter of 
a treatise on optics and the nature of light that he began to plan around 1672 after 
becoming aware of Newton’s optical discoveries. In 1676 Ole Rpmer’s measurement of 
the velocity of light from observations of the eclipses of Júpiter added grist to his mili, 
and Huygens soon succeeded in explaining the strange properties of the Iceland spar on 
the basis of his wave theory. In 1679 he was able to read a nearly definitive versión of 
his Traité de la lumiére, although this was not published until 1690 (Huygens, 1690). 27 

In the first chapter of this treatise, Huygens rehearsed the classical arguments in favor 
of light as a mode of motion and the controversial argument that the high speed of light 
and the lack of mutual perturbation of Crossing rays excluded the concept of light as an 
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emanation. He concluded: 'Light therefore propagates in a different manner, and what 
can lead us to its understanding is the knowledge we have of the propagation of sound 
in air’ (Huygens, 1690, p. 3). Before dwelling on Rpmer’s proof of the finite velocity 
of light, he announced the main result of the analogy with sound (p. 4): 

If light takes time to travel..., it follows that the impressed motion [of the médium] is a successive 
one, and consequently that it spreads out, as in the case of sound, by spherical surfaces and waves; 
for I cali them waves by resemblance with the waves formed in water when a stone is dropped 
in it, which represent such a successive spreading around, though coming from another cause 
and occurring on a plañe surface only. 

Beyond these generalities, Huygens relied a lot less than Pardies on the analogy with 
sound. ‘If [sound and light] are similar in this respect [finite velocity of propagation],’ 
he noted, ‘they differ in several other respects, namely: in the first production of motion 
that causes them, in the manner in which this motion is propagated, and in the manner 
in which it is communicated’ (Huygens, 1690, p. 9). Whereas Pardies assumed a global 
vibration of the shining body, Huygens imagined tiny fluctuations of the parts of this 
body in order to explain the fact that the various points of the body’s surface are 
perceived independently of each other. Accordingly, his waves were short spherical 
pulses randomly emitted by the various points of a luminous surface. 

Regarding the médium, Huygens agreed with Pardies that it could not be the same for 
sound and light since according to Torricelli’s and Boyle’s vacuum experiments, sound 
required air for its propagation and light did not. Like Pardies (and Aristotle), Huygens 
called the light médium the aether. Whereas Pardies admitted essentially the same wave 
mechanism for light and sound propagation in the presence of matter, Huygens believed 
that the extremely high speed of light required a specific mechanism. 

Huygens defined sound as a ‘regular trembling of the air’ during which ‘the air acts 
as a spring and assumes a successive motion’ (Huygens, [c. 1674]). In his Traité de 
la lumiére , he wrote that in the explanation of the propagation of sound, ‘the air is 
considered to be of such a nature that it can be compressed and reduced to a space 
much smaller than that which it normally occupies; and that as it is compressed it 
makes effort to expand’ (Huygens, 1690, p. 11). In the case of light, Huygens believed 
Descartes’s model of contiguous hard spheres to be closer to the truth. Drawing on his 
earlier study of elastic collisions, he modified this model by allowing some elasticity of 
the spheres. In order to minimize the violation of Descartes’s philosophy of matter, he 
traced this elasticity to the agitation of smaller particles confined within the spheres (as 
pressure is now explained in the kinetic theory of gases). 

Huygens believed that his model of the ether, designed to explain the high but finite 
propagation velocity by the mutual, elastic collisions of a succession of spheres, had 
another advantage over Descartes’s: it allowed for the Crossing of light waves without 
mutual hindrance (in particular, two persons could see each other’s eyes), because 
the resulting elastic deformations of the balls could be superposed (Huygens, 1690, 
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p. 16). But it also had a major inconvenience: it implied that a compressed ball could 
press every contiguous ball whereas Descartes’s perfectly rigid balls were supposed 
to transmit endeavors in their original direction only (p. 21). Rectilinear propagation 
seemed impossible, and the initial pulse of the source seemed destined to be lost in 
diffuse motion. Huygens turned this potentially disastrous circumstance into the greatest 
asset of his model. 28 

What permitted this reversal was the so-called Huygens construction, according to 
which reflected and refracted waves are obtained by taking the envelope of all the 
spherical wavelets emitted by the points of the interface between the two media when 
these points are met by the incoming wave (Huygens, 1690, chap. 3). Huygens insisted 
on the novelty of this construction (p. 18): 

This is what has not been known to those who before me began to consider the waves of light, 
including Mr. Hook [sic] in his Micrography and the Father Pardies, who in a treatise of which 
he showed me a part and which he could not complete as he died soon afterwards, had set out 
to prove through these waves the effect of reflection and refraction. But the principal foundation 
[Huygens’s construction] was lacking in his demonstrations, and for the rest he had opinions 
very different frorn mine, as will perhaps be seen someday if his text has been preserved. 

The defect Huygens saw in Pardies’s demonstration probably was the lack of a proof of 
the existence of well-defined reflected and refracted waves, whereas Huygens believed 
he was able to construct these waves by superposing secondary waves (Dijkterhuis, 
2004, chap. 4). 

Huygens used his elastic-balls model to justify the existence of the secondary waves: 

Every particle of the matter in which the wave spreads out communicates its motion not only to 
the next particle that is on the straight tiñe drawn from the luminous point, but it also gives some 
motion to all other particles that touch it and that oppose its motion. (Fluygens, 1690, p. 17) 

This picture implies the formation of secondary waves not only at the interface between 
two media, but at any point of space crossed by a wave. Huygens employed this process 
to explain the rectilinear propagation of light in the following manner. He considered 
(Figure 9) a spherical wave centered on A encountering the diaphragm made by the 
opaque surfaces HB and GI. The b points of the médium are excited by the wave when 
it passes the diaphragm. Huygens judged that, at a given ulterior time, the resultant of 
the particular waves emitted from this point had a negligible intensity every where except 
on the portion CL of the wave formed in the absence of the diaphragm. 29 

Huygens thus believed he had reached the first wave-theoretical proof of the rectilinear 
propagation of light. Some of his critics identified a defect of this proof: the energy of the 
resultant of the wavelets is not confined to their envelope. It may however be saved by 
divorcing Huygens’s construction from its mechanical justification. And it is surely better 
than the argument of earlier médium theorists, according to which spherical propagation 
implies rectilinear propagation because the radiuses of a sphere are perpendicular to its 
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Fig. 9. Huygens’s construction for the wave (CE) which originated in A and passed through the 
diaphragm BG. From Huygens (1690, p. 17). 

surface: this is beside the point, since the concrete definition of rays requires diaphragms 
that trúncate the spheres of light. 

Although Huygens introduced his theory by analogy with sound, he did not mention 
the common belief that sound, unlike light, propagated in curved lines. There are two 
possible explanations for this silence. He may have assumed, as Mersenne, Kircher, and 
Pardies did, that sound actually propagated in rays that could be reflected like rays of 
light and perhaps even refracted. Or he may have accepted different behaviors of light 
and sound in this regard and traced them to the different propagation mechanisms he 
imagined in each case. As we will see in a moment, he adopted a position intermedíate 
between these two altematives after he encountered a related objection to the wave theory 
of light in Newton’s Principia. He never discussed diffraction, although he owned a copy 
of Grimaldi’s relevant treatise. 30 

Huygens’s greatest achievement in optics was his derivation of the laws of refrac- 
tion for the Iceland spar, which need not be discussed here (Huygens, 1690, chap. 5; 
Dijkterhuis, 2004, chap. 5). 31 Although Huygens’s contemporaries could not judge the 
exactness of these laws, they respected his theory more than the other medium-based 
theories of light of the 17th century. Plausible reasons for this preference are Huygens’s 
ability to predict new laws, his lucid and elegant style, his geometrical virtuosity, and 
his well established authority as one the three greatest geometers of his time (Dijkter¬ 
huis, 2004, chap. 6). His insistence on founding the theory of light on analogy with 
sound probably contributed to the later consensus that all medium-based optical theories 
derived from this analogy, both historically and logically. Yet in Huygens’s original 
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approach, this analogy served more to present his theory to a general audience than 
to inspire the details of the theory. Whatever Huygens drew from it, he could find 
in Pardies’s earlier writings. Whenever the properties of light seemed to differ from 
sound, Huygens imagined underlying mechanisms that had no known counterpart in 
sound. 

Huygens was very interested in sound and music. He was accomplished at playing 
several instruments; he reflected on the coincidence theory of harmony and proposed 
an equal división of the octave into 31 notes as a way to approximate meantone 
temperament; he theorized about vibrating strings; he measured the velocity of sound; 
and he determined the absolute frequency of tones produced by a rotating toothed wheel 
(also from the length of a sounding pipe and the velocity of sound). This interest was 
strong enough to determine the prominent place he gave to the sound analogy, but not 
enough to make him seek an optical counterpart to every property of sound. In particular, 
he rejected Hobbes’s, Hooke’s, and Pardies’s idea that vibrations caused light, and he 
ignored Pardies’s attempt at relating color with frequency. Even after reading Newton 
and arguing with him, Huygens believed any theory of colors to be premature. 32 


1.9 Neo-Atomist Theories 

As we saw in the previous section, the 17th century witnessed a revival of atomist 
philosophy, whose main protagonists were Beeckman in the Netherlands, Gassendi in 
France, and Charleton in England. Gassendi defined light as follows; 

It appears that light in a luminous body is nothing but tiny corpuscles which, configured in a 
certain configuration, then transferred from this body with an extreme velocity, and received 
by the organ of visión, are able to move this organ and to create the sensation called visión. 
(Gassendi, 1658, p. 422) 

Gassendi then defined rays as the rectilinear trajectory of the corpuscles, explained 
reflection and refraction by analogy with the motion of a hall at the border between two 
porous media with unequal amounts of pores, colors as a mixture of light with shadow, 
and the formation of images with Kepler’s theory. 33 (Gassendi, 1658, pp. 422-432) 
The optics of Gassendi and of his British admirer Charleton implied a closer analogy 
between light and sound than Greek atomism. For the Greek atomists, it was not the 
corpuscles of light but material emanations that traveled from the luminous bodies to 
the ear; the corpuscles of light from the sun only served to facilitate the latter motion. 
In contrast, Gassendi adopted Alhazen’s idea that luminous bodies reflected light from 
the sun or other luminaries and that the reflected light was responsible for visión. Light 
particles thus became the vectors of sensation just like sound particles (Gassendi, 1658, 
pp. 441-449). Moreover, Gassendi rejected the effigies of Greek atomists, which had no 
counterpart in their theory of sound, and thus removed a further source of dissymmetry 
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between light and sound. So did Charleton, who insisted on the following analogy 
between light and sound: 

As it is the property of Light, transfigured into colours, to represent the different Conditions and 
Qualities of bodies in their superficial parts, according to the different Modification and Direction 
of its rayes, either simply or frequently reflexed from them, through the Aer, to the Eye: so is 
it the property of Sounds to represent the different Conditions and Qualities of bodies, by the 
mediation of the Aer percussed and broken by their violent superficial impaction, or collision, 
and configúrate into swarms of small consimilar masses, accomodable to the Ear. (Charleton, 
1654, p. 209) 

With respect to colors, Gassendi saw less analogy between light and sound than the 
Greek atomists did. Whereas the latter believed that colors, like some properties of 
sounds, corresponded to the shape of the conveying particles, Gassendi transposed the 
Aristotelian theory of colors (Gassendi, 1658, p. 432). He did not imagine any optical 
counterpart to the periodicity of corpuscular emission through which he interpreted pitch. 
Charleton was even further from any analogy with pitch, as he interpreted colors as a 
contamination of the reflected light by particles of the surface of the illuminated body 
(Charleton, 1654, p. 145). 

2. Newton’s Optics 
2.1 Early Investigations 

In a set of philosophical notes written in his early twenties (Newton, [c. 1664]), Isaac 
Newton paraphrased Charleton’s deduction of the necessity of atoms (pp. 1-2), praised 
the atomist views defended in Henry More’s The immortality ofthe soule (1659) (p. 3), 
and criticized much of Descartes’s Principia (pp. 11-12). He also speculated about 
aerial vibrations and harmonios (pp. 36-37), and recorded a few personal ideas and 
experiments on color (pp. 63-68). He agreed with Charleton and More that matter was 
necessarily composed of a finite number of indivisible parts with vacuous interstices 
and not of Descartes’s space-filling elements. He rejected the Cartesian explanation 
of light as pressure between the globules of the second element by arguing that if 
it were true, any cause of pressure, be it gravity, the motion of the earth, or even 
the motion of the observer, would induce light (p. 32). In a later manuscript on 
gravitation and the equilibrium of íluids (Newton, [c. 1668]), he gave a more basic 
reason to reject Descartes’s theory: in any arrangement of contiguous globules, pressure 
is necessarily transmitted in every direction, so that Descartes’s explanation of the 
rectilinear propagation of light cannot hold. 34 

For this or another reason, when Newton began his research on colors, he had already 
excluded Descartes’s theory and adopted the atomist view of light as a stream of particles 
moving very quickly along straight lines. Presumably, he inferred the failure of any 
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medium-based theory from the failure of Descartes’s, and decided that the Cartesian 
proof of the laws of reflection and refraction should be interpreted in terms of the actual 
motion of individual corpuscles of light, and not, as Descartes believed, as an analogy 
for the endeavors of particles of the ether. 

In this reinterpretation, refraction should alter the velocity of the corpuscles of light. 
In the earliest optical experiments described in the philosophical notes of 1664, New- 
ton used a prism as a velocity analyzer of the corpuscles of light (Newton, [c. 1664], 
pp. 63-68). From observations of a paper painted in two different colors (including 
black and white) through a prism, he concluded that color corresponded to the velocity 
(or momentum) of the particles as they struck the retina, and that white and black cor¬ 
responded to heterogeneous velocity. He outlined two theories for the colors of bodies, 
one in which color was produced by enhancement of a velocity class among particles of 
equal mass, another in which it resulted from enhancement of a momentum class among 
particles of different masses and equal initial velocities. At that stage, Newton already 
had the idea that white light was a heterogeneous mixture of lights of different colors, 
and that a prism could be used to sepárate the various colored components (Westfall, 
1980, pp. 156-161). 

In a later manuscript ‘Of colours,’ Newton described a more direct consequence of this 
idea (Newton, [c. 1666], p. 2). He passed a narrow beam of sunlight, selected by a small 
hole in the shutter of his window, through a prism, and observed the resulting spot of 
light on a distant wall (see Figure 10). As he expected, the spot did not have the circular 
shape it would have had if all rays had been equally refracted. Instead it had an elongated 



Fig. 10. Newton’s set up for the spectrum of white light. From Newton ([c. 1666], p. 2). The light 
from the sun passes through the hole k in the blinds of the window and through the diaphragm xy. The 
resulting beam is deflected by the prism eacbdf (in the position of minimal deflection) and produces the 
oblond spectrum tv on the screen. 
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shape and displayed a series of colors of which he estimated the characteristic refrac - 
tions. In a posterior experiment (p. 12), which he would later cali experimentum crucis, 
he showed that the resulting colored rays had a well-defined refraction by a second prism 
and preserved their color during this refraction. He also showed that white light could 
be obtained by superposing the various spectral colors. When he published these exper¬ 
imental results in 1672, he claimed that they were the basis on which he had discovered 
and proved the heterogeneous nature of white light, independently of any assumption 
about its nature. Yet the manuscript evidence strongly suggests that these experiments 
derived from earlier ones inspired by a corpuscular interpretation of light and colors. 35 

In the same manuscript ‘Of colours,’ Newton described experiments with two prisms 
firmly pressed against each other in which he accidentally observed the colored rings 
produced by trapped bubbles of air. In order to control the thickness of the air, he used 
a convex lens pressed on a glass píate, and related the colored rings to ‘vibrations of the 
médium’ with a well-defined ‘thickness of pulses’ for each simple color. He presumably 
had in hand the essentials of his later ‘theory of fits,’ according to which the corpuscles 
of light produce periodic progressive waves in the film of air or ether when entering 
it. The corpuscles are either reflected or transmitted by the second air/glass interface, 
depending on the length of the waves. Newton probably did this work while reading 
Hooke’s Micrographia (1665), although the extent to which he borrowed from Hooke 
is unclear (Newton, [c. 1666], pp. 9-11, 21 ). 36 

Newton’s idea of waves produced by the impact of bodies (the corpuscles of light) 
on an interface probably derived from analogy with the waves produced by a stone 
thrown into water or by the sound produced by hitting a bell. That Newton indeed had 
an acoustic analogy in mind can be seen in his contemporary analysis of the way visual 
information is transferred from the retina to the brain: 

Light seldom striks upon the parts of grosse bodys (as may bee seen in its passing through them), 
its reflection & refraction is made by the diversity of aethers, & therefore its effect on the Retina 
can only bee to make this vibrate which motion then must bee either carried in the optick nerve 
to the sensorium or produce other motions that are carried thither.... [This motion] can noe way 
bee conveyed to the sensorium so entirely as by the aether it selfe Nay granting mee but that ther 
are pipes filld with a puré transparent liquor passing from the ey to the sensorium & the vibrating 
motion of the sether will of necessity run along thither. ffor nothing interrupts that motion but 
reflecting surfaces, & therefore also that motion cannot stray through the reflecting surfaces of 
the pipe but must rush along (like a sound in a trunk) intire to the sensorium. And that visión 
bee thus made is very conformable to the sense of hearing which is made by like vibrations. 
(Newton [c. 1666], pp. 19-20) 

This citation shows that Newton believed that both visión and hearing implied the 
excitation of the vibrations of some part of the relevant organ, and the propagation of 
this vibration to the brain through a channeled médium. Nothing more can be said on his 
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understanding of ether or air waves, which was probably precarious at this early stage 
of his natural philosophy. 37 


2.2 The Exchange with Hooke 

In 1672 Newton’s ‘New theory about light and colours’ (without the considerations 
on thin plates), was published as a letter to the secretary to the Royal Society, 
Henry Oldenburg (Newton, 1672a). This letter prompted Hooke’s reaction, in which 
he approved Newton’s experiments but rejected their interpretation (Birch. 1756-1757, 
vol. 3, pp. 10-15). Hooke relied on a clever acoustic analogy (p. 11) . 

But why there is a neccessity, that all those motions, or whatever else it be that makes colours, 
should be originally in the simple rays of light, I do not yet understand the necessity of, no more 
than that all those sounds must be in the air of the bellows, which are afterwards heard to issue 
froni the organ-pipes; or in the string, which are afterwards, by different stoppings and strikings 
produced; which string (by the way) is a pretty representation of the shape of a refracted ray to 
the eye; and the manner of it may be somewhat imagined by the similitude thereof: for the ray 
is like the string, strained between the luminous object and the eye, and the stop or fingers is 
like the refracting surface, on the one side of which the string hath no motion, on the other a 
vibrating one. Now we may say indeed and imagine, that the rest or streightness of the string is 
caused by the cessation of motions, or coalition of all vibrations; and that all the vibrations are 
dormant in it: but yet it seems more natural to me to imagine it the other way. 

In his haughty reply, Newton maintained that the heterogeneity of white light was a 
direct consequence of his experiments and that it did not depend on a hypothesis on 
the nature of light. He added that his own preferred hypothesis, that light was made of 
corpuscles, was not so different from the objector’s view: 

For certainly it has a much greater affinity with his own Hypothesis, than he seems to be aware 
of; the Vibrations of the /Ether being as useful and necessary in this, as in his. For, assuming the 
Rays of Light to be small bodies, emitted every way from Shining substances, those, when they 
impinge on any Refracting or Reflecting superficies, must as necessarily excite Vibrations in the 
cether, as Stones do in water when thrown into it. And supposing these Vibrations to be of several 
depths or thicknesses, accordingly as they are excited by the said corpuscular rays of various sizes 
and velocities; of what use they will be for explicating the manner of Reflection and Refraction, 
the production of Heat by the Sun-beams, the Emission of Light from buming putrifying, or 
other substances, whose parts are vehemently agitated, the Phcenomena of thin transparent Plates 
and Bubles, and of all Natural bodies, the Manner of Vision, and the Difference of Colors, as 
also their Harmony and Discord. (Newton, 1672b, p. 5087) 

For the sake of comparison, Newton characterized Hooke’s hypothesis as follows: 

That the parts of bodies, when briskly agitated, do excite Vibrations in the ¿Ether, which are 
propagated every way from those bodies in streight lines, and cause a Sensation of Light by 
beating and dashing against the bottom of the Eye, something after the manner that Vibrations 
in the Air cause a Sensation of Sound by beating against the Organs of Hearing. 
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He then proceeded to demónstrate that this hypothesis, if properly developed, justified 
his conception of white light as well as all his other considerations on colors: 

Now, the most free and natural Application of this Hypothesis to the Solution of phcenomena 
I take to be this: That the agitated parts of bodies, according to their several sizes, figures, 
and motions, do excite Vibrations in the cether of various depths or bignesses, which being 
promiscuously propagated through that Médium to our Eyes, effect in us a Sensation of Light of 
a White colour; but if by any means those of unequal bignesses be separated from one another, 
the largest beget a Sensation of a Red colour, the least or shortest, of a deep Violet, and the 
interraediat ones, of intermediat colors; much after the ntanner that bodies, according to their 
several sizes, shapes, and motions, excite vibrations in the Air of various bignesses, which, 
according to those bignesses, make several Tones in Sound: Tluit the largest Vibrations are best 
able to overeóme the resistance of a Refracting superficies, and so break through it with least 
Refraction; whence the Vibrations of several bignesses, that is, the Rays of several Colors, which 
are blended together in Light, must be parted from one another by Refraction, and so cause the 
Phcenomena of Prismes and other refracting substances: And that it depends on the thickness of 
a thin transparent Píate or Buble, whether a Vibration shall be reflected at its further superficies, 
or transmitted ; so that, according to the nurnber of vibrations, interceding the two superficies, 
they may be reflected or transmitted for many successive thicknesses. And since the Vibrations 
which make Blew and Violet, are supposed shorter than those which make Red and Yellow, they 
must be reflected at a less thickness of the Píate: Which is sufficient to explicate all the ordinary 
phcenomena of those Plates or Bubles, and also of all natural bodies, whose parts are like so 
many fragments of such Plates. (Newton, 1672b, p. 5088) 

This remarkable sketch of the wave theory of light contains the first known suggestion 
that frequeney is the parameter of color, based on analogy with the pitch of sounds. 
More exactly, Newton speaks of the 'bigness’ of the vibrations. Under this word, he 
certainly meant to inelude the wavelength, as the analogy with sound and the interpre- 
tation of the colors of thin plates in terms of this bigness clearly indicate. However, 
he also meant the amplitude of the vibration, as indicated by the proposed interpreta- 
tion of dispersión. The reason for this seeming contradiction (which has puzzled many 
commentators) is to be found in the analogy with water waves. The waves created by 
throwing a stone into water have lengths and amplitudes both growing with the size of the 
stone, so that early wave theorists commonly assumed a correlation between length and 
amplitude. 39 

After arguing the compatibility of the wave hypothesis with his theory of colors, 
Newton proceeded to refute this hypothesis; 

For, to me, the Fundamental Supposition it self seems impossible; namely, That the Waves or 
Vibrations of any Fluid, can, like the Rays of Light, be propagated in Streight lines, without 
a continual and very extravagant spreading and bending every way into the quiescent Médium, 
where they are terminated by it.... What I have said of this, may easily be applied to all other 
Mechanical Hypotheses, in which Light is supposed to be caused by any Pression or Motion 
whatsoever, excited in the cether by the agitated parts of Luminous bodies. For, it seems impos¬ 
sible, that any of those Motions or Pressions can be propagated in Streight lines without the like 
spreading every way into the shadow’d Médium, on which they border. (Newton, 1672b, p. 5089) 
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Newton here expressed for the first time what he believed to be the definitive objection 
against any medium-theory. As we saw, he probably reached this conclusión through a 
critical analysis of the concept of pressure in Descartes’s Principia. 

In his next paragraph, Newton insisted that his theory of colors did not require any 
specific hypothesis on the nature of light. Somewhat surprisingly, he went on with an 
acoustic analogy for the colors of bodies: 

For if Light be consider’d abstractly without respect to any Hypothesis, I can as easily conceive, 
that the several parts of a shining body may emit rays of differing colours and other qualities, of 
all which Light is constituted, as that the several parts of a false or uneven string, or of uneavenly 
agitated water in a Brook or Cataract, or the several Pipes of an Organ inspired all at once, or all 
the variety of Sounding bodies in the world together, should produce sounds of several Tones, 
and propágate thera through the Air confusedly intermixt. And, if there were any natural bodies 
that could reflect sounds of one tone, and stifle or transmit those of another; then, as the Echo 
of a confused Aggregat of all Tones would be that particular Tone, which the Echoing body is 
disposed to reflect; so, since (even by the Animadversor’s concessions) there are bodies apt to 
reflect rays of one colour, and stifle or transmit those of another; I can as easily conceive, that 
those bodies, when illuminated by a mixture of all colours, must appear of that colour only which 
they reflect. (Newton, 1672b, p. 5091) 

The reason why Newton here develops an analogy that would seern to favor the wave 
hypothesis becomes clear in the next few lines, in which he condemns Hooke’s use of 
the acoustic analogy to disprove the heterogeneity of white light; 

But when the Objector would insinúate a difficulty in these things, by alluding to Sounds in the 
string of a Musical instrument before percussion, or in the Air of an Organ Bellowes before its 
arrival at the Pipes; I must confess, I understand it as little, as if one had spoken of Light in a 
piece of Wood before it be set on fire, or in the oyl of a Lamp before it ascend up the match to 
feed the fíame. (Newton, 1672b, p. 5091) 

While Newton identified a genuine weakness of Hooke’s analogy, he failed to see that 
Hooke had unveiled a genuine logical error in his deduction of the heterogeneity of light. 
Newton’s three basic facts, the splitting of a ray of white light by a prism, the stability 
of the resulting colored rays, and the possibility to synthesize white light by superposing 
these colored rays, by no means imply that white light should be a mixture of these 
rays. As Hooke’s own theory of colors already suggested, the superposition of lights 
of different colors does not need to preserve the individual properties of these lights. 
Hooke made these points in an attempted reply to Newton (Hooke to Lord Brouncker, 
June 1672, in Turnbull el al., 1959-1977, vol. 1, pp. 198-203). He also rehearsed the 
string and organ analogies, without answering Newton’s objection (that the air from the 
bellow, not being a sound, could not be compared to white light), but adding a clever 
comparison between the refraction of simple colors and the resonance of puré tones 
(Turnbull etal., 1959-1977, vol. 1, pp. 202-203): 

I may as well conclude that all the sounds that were produced by the motion of the strings of a 
Lute were in the motion of the musitians fingers before he struck them, as that all colours wch 


© 2010 John Wiley & Sons A/S 


236 


O. Darrigol 


are sensible after refraction were actually in the ray of light before Refraction. All that he doth 
prove by his Experimentum crucis is that the colourd Radiations doe incline to ye Ray of light 
wth Divers angles, and that they doe persevere to be afterwards by succeeding médiums diversly 
refracted one frorn an other in the same proportion as at first, all wch may be, and yet noe colourd 
ray in the light before refraction; noe more than there is sound in the air of the bellows before it 
passt through the pipes of ye organ—for A ray of light may receive such an impression from the 
Refraction médium as may distinctly characterize it in after Refractions, in the same manner as 
the air of the bellows does receive a distinct tone from each pipe, each of which has afterwards 
a powere of moving an harmonious body, and not of moving bodys of Differing tones. 

In the modern wave optics based on Fourier analysis, the superposition of periodic sig¬ 
náis may well be a signal that does not exhibit any periodicity whatsoever, and yet 
spectroscopes are able to sepárate the abstractly superposed components of this signal. 
Hooke’s reasoning anticipated this point. Newton’s and others’ failure to appreciate it 
presumably derived from his unconscious integration of a minimal consequence of any 
corpuscular theory of light: any stable property of light should be represented as a stable 
individual property of the corpuscles. They implicitly reasoned as follows: since simple 
colors are stable (the color cannot be altered by any optical device), they must corre- 
spond to a stable, preexisting property of the individual corpuscles of light; therefore, 
white light is heterogeneous. 40 


2.3 A Hypothesis 

Newton resumed his experiments on the colors of thin films in 1671-1672 and 
communicated the improved results and the accompanying theory in 1675 to the Royal 
Society (Newton, [1675]). On this occasion, he no longer refrained from hypotheses and 
developed a theory in which light corpuscles and ether waves both played a role. After 
rejoicing that Hooke had accepted the correspondence between color and frequency of 
ethereal vibrations, he proceeded to explain his own dual theory. On the corpuscular 
or ray side, he assumed that light was ‘swift corpuscles’ or ‘any impulse or motion of 
any other médium' that propagated in rays. Whatever the rays were, they had to differ 
from ethereal vibrations, because these would fail to explain rectilinear propagation, the 
existence of opaque bodies, and the periodicity of the colors of thin films. The acoustic 
analogy illustrated at least the first of these impossibilities: ‘Were [light] these vibrations, 
it ought always to verge copiously in crooked lines into the dark or quiescent médium, 
destroying all shadows; and to comply readily with any crooked pores or passages, as 
sounds do’ (pp. 254-255). 41 

Newton nevertheless gave many reasons to assume a pervasive, multi-component ether 
in the explanation of thermal, gravitational, electric, magnetic, Chemical, physiological, 
and optical phenomena. In the optical context. he explained the refraction of light by 
a different density of the ether contained in different substances. As in Descartes’s 
reasoning (to which he referred), this difference implied a perpendicular forcé curving 
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the rays in the vicinity of the ‘aethereal superficies’ between two media. Newton further 
explained the different refrangibilily of different colors by the different ‘bignesses’ of 
the rays. The violet rays, which are the most refracted, must be the weakest; the red 
ones the strongest. As refraction does not change the bigness, color cannot be altered 
by any further refraction (Newton, [1675], pp. 255-258). 42 

Newton then introduced ether waves as a means to explain partial reflection: 

And for explaining this, I suppose, that the rays, when they impinge on the rigid resisting aethereal 
superficies, as they are acted upon by it, so they react upon it and cause vibrations in it, as stones 
thrown into water do in its surface; and that these vibrations are propagated every way into 
both the rarer and the denser médiums; as the vibrations of air, which cause sound, are from 
a stroke, but yet continué strongest where they began, and altemately contract and dilate the 
aether in that physical superficies.... And so supposing that light, impinging on a refracting or 
reflecting aethereal superficies, puts it into a vibrating motion, that physical superficies being by 
the perpetual appulse of rays always kept in a vibrating motion, and the aether therein continually 
expanded and compressed by tums; if a ray of light impinge upon it, while it is much compressed, 
I suppose it is then too dense and stiff to let the ray pass through, and so reflects it; but the rays, 
that impinge on it at other times, when it is either expanded by the interval of two vibrations, or 
not too much compressed and condensed, go through and are refracted. (Newton, [1675], pp. 258) 

Newton here assumed a greater analogy between air and the ether than anyone had done 
before. Earlier in the same text he wrote: ‘There is an aethereal médium much of the same 
constitution with air, but far rarer, subtler, and more strongly elastic’ (p. 253). Moreover, 
he clearly related sound and its propagation to the compressibility and elasticity of the 
air, a rare insight at that time. 43 

Newton next elaborated his earlier idea that light excited vibrations of the retina 
transmitted to the brain through the substance of the optical nerve; 

I suppose, that as bodies of various sizes, densities, or sensations, do by percussion or other 
action excite sounds of various tones, and consequently vibrations in the air of various bigness; 
so when the rays of light, by impinging on the stiff refracting superficies, excite vibrations in the 
aether, those rays, whatever they be, as they happen to differ in magnitude, strength or vigour, 
excite vibrations of various bigness.... And therefore the ends of the capillamenta of the optic 
nerve, which pave or face the retina, being such refracting superficies, when the rays impinge 
upon them, they must there excite these vibrations, which vibrations (like those of sound in a 
trunk or trumpet) will run along the aqueous pores or crystalline pith of the capillamenta through 
the optic nerves into the sensorium (which light itself cannot do) and there, I suppose, affect the 
sense with various colours, according to their bigness and mixture; the biggest with the strongest 
colours, reds and yellows; the least with the weakest, blues and violets; the middle with green, 
and a confusión of all with white, much after the manner, that in the sense of hearing, nature 
makes use of aereal vibrations of several bignesses to generate sounds of divers tones; for the 
analogy of nature is to be observed. (Newton, [1675], p. 262) 

Newton here emphasized the acoustic analogy and related it to a general principie, ‘the 
analogy of nature,’ which he would often evoke in his philosophy. As a reflection of 
God’s perfection, nature had to be conformable to itself, to present all sorts of analogies 
between different phenomena and different scales. 44 
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In this frame of mind, Newton did not hesitate to revive the Pythagorean analogy 
between the harmonies of colors and sounds 45 : 

And further, as the harmony and discord of sounds proceed from the proportions of the aereal 
vibrations, so may the harmony of some colours, as of golden and blue, and the discord of 
others, as of red and blue, proceed from the proportions of the sthereal. And possibly colour 
may be distinguished into its principal degrees, red, orange, yellow, green, blue, indigo, and deep 
violet, on the same ground, that sound within an eighth is graduated into tones. (Newton, [1675], 
pp. 262-263) 

Newton believed his observations of the spectrum of white light to confirm this musical 
pattern. He drew the diagram seen in Figure 11, in which the lines separating two 
different colors have distances proportioned according to the ratios of the corresponding 
notes. He had earlier reflected on the best means to divide the octave, although his interest 
in this problem was more mathematical than musical. 46 He was probably aware of a few 
of the many earlier analogies between musical and chromatic harmony, for instance the 
one formulated by his béte noire Hooke a few months earlier in the wave-theoretical 
context (Birch, 1756-1757, vol. 3, pp. 193-194): 

As there are produced in sound several harmonies by proportionate vibrations, so there are 
produced in light several curious and pleasant colours, but the proportionate and harmonious 
motions of vibrations intermingled, and as those of the one are sensated by the ear, so those of 
the other are by the eyes. 

Newton then presented his investigation of the colors of thin plates, and the ensuing the- 
ory of the colors of bodies (Newton, [1675], pp. 263-268). This he expanded upon with 
precisión in another paper (Newton, [1676]). As in his manuscripts of the mid-1660s, he 
imagined the impact of the rays on the first surface of the píate to produce ether waves. 
Transmission or reflection of the rays at the second surface depended upon whether the 
waves, having reached this surface faster than the rays, produced a condensation or a 
rarefaction of the ether in its neighborhood. (Shapiro, 1993, chaps. 2-4) 



Fig. 11. Newton’s analogy between spectrum and musical scale. From Newton ([1675], p. 262). The 
points x, E, G, H, I, K, M mark the ends of a vibrating string beginning at z. The corresponding sounds 
(marked in a contemporary notation that has nothing to do with the present naming of notes in Latín 
languages) yield the limits between two successive colors of the spectrum ABCD. For instance, y is an 
octave higher that x and I is a fifth higher than x because yz/xz =1/2 and Iz/xz = 2/3. 
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Newton also briefly discussed diffraction, which he knew about from Honoré Fabri’s 
account of Grimaldi’s discovery and from Hooke’s more recent experiments. Despite 
Grimaldi’s evidence to the contrary, and despite Hooke’s comparison with the ‘straying 
of sound,’ Newton argued that diffraction was only a special case of refraction, created by 
ethereal atmospheres near the surface of bodies, and perhaps involving thin-films effects. 
For Hooke diffraction tended to confirm the analogy between light and sound; for Newton 
it only confirmed the idea that the ether played an essential role in refraction. In his 
view, the diffraction implied by the wave theory of light was too strong to be compatible 
with (approximately) rectilinear propagation (Newton, [1675], pp. 268-269). 47 


2.4 The Treatise 

The papers that Newton read in 1675 did not appear in print until 1757. Being tired of 
controversy, he waited until 1704 to publish his Opticks (Newton, 1704). This gave him 
time to consolidate his main results and to inelude new research on thick plates, on the 
colors of bodies, on diffraction, and on polarization. In the main text of the Opticks, 
Newton refrained as rnuch as possible from hypotheses on the nature of light, as he had 
done in the short communication of 1672. He favored a neutral language of rays and left 
most speculation on light corpuscles and ether waves to a series of queries increasing 
at each new edition of his treatise. 48 

Newton expressed his theory of thin plates and partial reflection in terms of ‘fits of 
easy reflection or transmission’ for the rays themselves (Newton, 1704, p. 78): 

Prop. XII. Every ray of Light in its passage through any refracting surface is put into a certain 
transient constitution or State, which in the progress of the ray retums at equal intervals, and 
disposes the ray at every return to be easily transraitted through the next refracting surface, and 
between the returns to be easily reflected by it. 

Prop. XIII. The reason why the surfaces of all thick transparent bodies reflect part of the Light 
incident on them, and refract the rest, is, that some rays at their Incidence are in fits of easy 
reflexión, and others fits of easy transmission. 

Newton briefly ventured to explain these fits: 

What kind of disposition this is? Whether it consist in a circulating or vibrating motion of the 
ray or a vibrating motion of the ray, or of the médium, or something else? I do not here enquire. 
Those that are averse from attending to any new discoveries, but such as they can explain by 
an Hypothesis, may for the present suppose, that as Stones by falling upon Water put the Water 
into an undulating motion, and all Bodies by percussion excite vibrations in the Air: so the rays 
of Light, by impinging on any refracting surface, excite vibrations in the refracting or reflecting 
médium or substance, and by exciting them agítate the solid parts of the refracting or reflecting 
Body, and by agitating them cause the Body to grow warm or hot; that the vibrations thus excited 
are propagated in the refracting médium or substance, much after the manner that vibrations are 
propagated in the Air for causing sound, and move faster than the rays so as to overtake them; 
and that when any ray is in that part of the vibration which conspires with its motion, it easily 
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breaks through a refracting surface, but when it is in the contrary part of the vibration which 
impeded its motion, it is easily reflected; and, by consequence, that every ray is successively 
disposed to be easily reflected, or easily transmitted, by every vibration which overtakes it. But 
whether this Hypothesis be true or false I do not here consider. 1 content my self with the bare 
discovery, that the rays of Light are by some cause or other alternately disposed to be reflected 
or refracted for many vicissitudes. (Newton, 1704, p. 78) 

This is a variant of the hypothesis of 1675, with the same acoustic analogy, and with 
a new insistence that the related fits of easy reflection or transmission are experimental 
facts that do not depend on this hypothesis. 

In the queries of 1704, Newton refrained from making any assumptions about the 
nature of light. He only speculated that a universal action at a distance between rays 
of light and material bodies explained reflection, refraction, inflection (diffraction), the 
heating of bodies by light, the emission of light by heated bodies, and visión. The 
acoustic analogy resurfaced with reference to this last point. He repeated his oíd idea 
that the rays of light excited vibrations of the retina transmitted to the brain through the 
optic nerve, and compared color and pitch (Newton, 1704, pp. 132-137): 

Qu. 13. Do not several sorts of rays make vibrations of several bignesses, which according to 
their bignesses excite sensations of several Colours, much after the manner that the vibrations of 
the Air, according to their several bignesses excite sensations of several sounds?.... 

Qu. 14. May not the harmony and discord of Colours arise from the proportions of the vibrations 
propagated through the Abres of the optick Nerves into the Brain, as the harmony and discord of 
sounds arises from the proportions of the vibrations of the Air? For some Colours are agreeable, 
as those of Gold and Indico, and others disagree. 

In the first book of his treatise, Newton reproduced his musical división of the spectrum 
and used it in devising the rules of color mixing (book 1, part 2, prop. 3). His circle of 
colors (prop. 6) may have been inspired by contemporary representations of the división 
of the octave through points on a circle. 

In the Latin translation of his treatise, published in 1706, Newton added seven new 
queries (Newton, 1706, queries 12-23) in which he at last carne out as a supporter of 
the corpuscular concept of light: ‘Are not the rays of Light very small bodies emitted 
by shining substances?’ (query 21). He asked this question after rejecting any médium 
theory for a variety of reasons: colors would need to be explained by modifications of 
the rays, the rays would bend into the shadow, the polarization of rays could not be 
explained, the colors of thin plates would require two ethers (one for the rays, one for 
the fits), and the ether would slow down the motion of celestial bodies. In favor of the 
corpuscular view, he cited the easy mechanical explanations of rectilinear propagation, 
reflection, and refraction; the interpretation of colors as referring to the size of the 
corpuscles of light; the interpretation of the fits in terms of vibrations excited by the 
impact of the corpuscles; the interpretation of double refraction and polarization by 
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‘some attractive virtue lodged in certain sides both of the rays, and of the particles of 
Üie crystal’ (query 21). 

Lastly, in the second English edition of his Opticks (1718), Newton inserted 
eight queries (Newton, 1718, queries 17-24) in which he defended the ether as a 
médium useful to explain the fits, heat transfer through a vacuum, refraction, inflection 
(diffraction), gravitation (by the tendency of bodies to go from the denser parts to the 
rarer parts of the ether), visión, propagation along nerves; and he now judged that 
the ether could be so rare as not to slow down the motion of celestial bodies. The 
chronological order of the writing of the queries clearly related to their explanatory 
level: queries concerning the distance action between rays and matter carne first, those 
concerning the corpuscular representation of rays carne second, and those concerning 
the ether-based explanation of all actions at a distance carne last. 

The analogy with sound played an important role in justifying ether-waves produced 
by light, as it already had done in the early optical papers: 

If a stone be thrown into stagnating Water, the Waves excited thereby continué sorae time to arise 
in the place where the Stone fell into the Water, and are propagated from thence in concentrick 
Circles upon the Surface of the Water to great distances. And the Vibrations or Tremors excited in 
the Air by percussion continué a little time to move from the place of percussion in concentrick 
Spheres to great distances. And in like manner, when a Ray of light falls upon the Surface of 
any pellucid Body, and is there refracted or reflected, may not Waves of Vibrations, or Tremors, 
be thereby excited in the refracting or reflecting Médium at the point of Incidence, and continué 
to arise there, and to be propagated from thence as long as they continué to arise... and are 
not these Vibrations propagated from the point of Incidence to great distances? (Newton, 1718, 
query 17) 

Is not Vision perform’d chiefly by the Vibrations of this Médium, excited in the bottom of the 
Eye by the Rays of Light, and propagated through the solid, pellucid, and uniform Capillamenta 
of the optick Nerves into the place of Sensation? And is not Hearing perform'd by the Vibrations 
either of this or some other Médium, excited in the auditory Nerves by the Tremors of the Air, 
and propagated through the solid, pellucid, and uniform Capillamenta of those Nerves into the 
place of Sensation? And so of the other Senses. (Newton, 1718, query 23). 


2.5 Bending into the Shadow 

Paradoxically, Newton also used the acoustic analogy to exelude medium-based theories 
of light. In Query 19 of 1706, he wrote: 

If [light] consisted in Pression or Motion, propagated either in an instant or in time, it would 
bend into the Shadow.... The Waves on the Surface of stagnating Water, passing by the sides of 
a broad Obstacle which stops part of them, bend afterward and dilate themselves gradually into 
the quiet Water behind the Obstacle. The Waves, Pulses or Vibrations of the Air, wherein Sounds 
consist, bend manifestly, though not so much as the Waves of Water. For a Bell or a Cannon 
may be heard beyond a Hill which intercepts the sight of the sounding Body, and Sounds are 
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propagated as readily through crooked Pipes as through straight ones. But Light is never known 
to follow crooked Passages ñor to bend into the Shadow. (Newton, 1706, query 19) 

As we saw earlier, the apparent impossibility to explain the rectilinear propagation of 
light in any medium-theory probably determined Newton’s original preference for the 
corpuscular view. 

The second book of the Principia mathematica (1687) contains several arguments of 
this kind (Newton, 1687, pp. 354-356). In Proposition 41, Newton reproduced his oíd 
remark that the rectilinear transmission of pressure along contiguous balls required an 
improbable alignment of the balls (see Figure 12). He also argued that the isotropy of 
pressure in a fluid implied that the pressure transmitted beyond a diaphragm necessarily 
acted on the sides of the cone delimited by the diaphragm (see Figure 13). He meant 
these two arguments to exelude Descartes’s model of the rectilinear transmission of light. 

In Proposition 42, Newton gave a proof that ‘A// motion propagated through a fluid 
diverges from a rectilinear progress into the unmoved space .’ In the case of water waves, 
he argued that water had to descend from the heaps that passed the diaphragm at equal 
speed in the forward and sideways directions. In the case of pulses in an elastic fluid, 
he similarly argued that truncated zones of compressed fluid beyond the diaphragm had 
to expand with equal speed in the forward and sideways directions. In the case of any 
flow through a diaphragm, he argued that the isotropy of pressure implied divergence. 
In the elastic-fluid case, Newton commented: 

We find the same by experience in sounds which are heard through a house interpose; and if 
they come in to a chamber through the window, dilate themselves into all parts of the room, and 
are heard in every comer; and not as reflected from the walls, but directly propagated from the 
window. (Newton, 1687, p. 358) 

Newton then gave his theory of wave propagation in an elastic médium, the first 
mathematical theory of plañe elastic waves that yielded the propagation velocity as 



Fig. 12. Newton’s diagram for excluding rectilinear propagation of endeavor in a hard-ball model. From 
Newton (1687, p. 354). A pressure applied on the ball a is transmitted rectilinearly along abede, then 
obliquely along efhl and egkm. 
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Fig. 13. Newton’s drawing for the straying of pressure (or water-waves, or air waves, or continuous 
flow) beyond a diaphragm. From Newton (1687, pp. 355, 357). The isotropy of hydrostatic pressure 
implies that the pressure transmitted in the truncated cone BPCQ across the surfaces de, fg, etc. rnust 
also act across the surfaces BP and CQ. In the case of water-waves the water heaps de, fg, etc. imply 
a flow toward the intermedíate valleys and, equally well, beyond the lines BP and CQ. 

a function of the elasticity and the density of the médium. An optical scholium 
followed: 

The last propositions respect the motions of light and sounds; for since light is propagated in 
right lines, it is certain that it cannot consist in action alone (by Props. 41 and 42). As to sounds, 
since they arise from tremulous bodies, they can be nothing else but pulses of the air propagated 
through it. (Newton, 1687, p. 369) 

In a discourse on the cause of gravity appended to his Traité de la lamiere, Huygens 
addressed the incompatibility of his theory of light with Newton’s Proposition 42: 

I answer that what I have brought up to prove that light (excepting reflection and refraction) 
spreads directly does not impair the validity of the said Proposition [42 of Book 2], For I do 
not deny that when the Sun shines through a window, there is motion strayed beyond the lit 
space; but I say that these detoured waves are too weak to produce light. And even though 
[Newton] wants to believe that the emanation of sound pro ves that these sideways effusions are 
sensible, I take it for certain that this emanation rather proves the contrary. Indeed if sound, 
after passing an opening, would spread sideways, as Mr. Newton wants it to be, it would not 
so exactly respect the equality of the angles of incidence and refraction in echo.... As for his 
argument that wherever one stands in a room whose window is open, one can hear the sound 
from outside not by reflection on the walls but coming directly form the window; it is easily seen 
to be misleading, because of the multitude of repeated reflection occurring as in one instant... 
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I admit that in the case of the undulations or circles formed on the surface of water, things are 
roughly as Mr. Newton asserts.... But for sound, I say that the sideways emanations are nearly 
insensible to the ear, and that in the case of light they have no effect whatsoever on the eyes. 
(Huygens, 1690, p. 164) 

Huygens here suggested that sideways propagation occurred for any kind of waves, but 
to a different degree depending on the kind of waves. He did not give any reason for this 
difference. As we saw, in the Optice of 1706 Newton admitted Huygens’s contention 
that the straying of sound was inferior to that of water waves; yet he remained convinced 
that this straying made rectilinear propagation impossible. 

To sum up, unlike the majority of his 17th-century predecessors, Newton did not see 
enough analogy between sound and light to support a wave-theory of light. Yet no one in 
his era developed this analogy as much as he did. 49 He did so in four different manners. 
Firstly, he used this analogy ab absurdo: if light were similar to sound, he argued, it 
would bend into the shadow. Secondly, in his thoughtful reply to Hooke he used this 
analogy to conciliate the wave theory with his concept of the heterogeneity of white 
light. He thus pioneered the correspondence between color and frequency, as well as the 
idea that white light was a mixture of components with various frequencies. Thirdly, 
Newton used the acoustic analogy to explain aspects of light that the corpuscular or ray 
theory could not capture. He explained the fits of easy reflection or transmission and 
the propagation of visual signáis along the optical nerves by analogy with the aerial 
vibrations produced by the impact of two bodies. Fourthly, he assumed that colors and 
tones obeyed the same rules of harmony. He compared the rainbow with a musical 
scale, and the harmony of two colors with consonance. This fourth mode of analogy 
was not unrelated to the third mode, for Newton associated both (simple) colors and 
tones with frequencies, the perception of colors being conditioned by the traveling of 
periodic waves through the optical nerves. 

The multi-dimensionality of these considerations is striking. They refer to physics 
(nature of light and sound), mathematics (geometrized propagation), physiology (hear- 
ing), some Pythagorean philosophy (the harmonies of light and sound), and some implicit 
alchemy (the spirits of the ether). Why did Newton so frequently and so diversely rely 
on acoustic analogies? The answer is not to be found in his predilection for music, if we 
believe reports that opera performances and Haendel’s playing bored him (Gouk, 1986, 
p. 101). Perhaps he benefited frorn his breakthrough in the mechanical understanding of 
sound propagation. The optical corollary of the relevant section of the Principia sug- 
gests so much. However, most of Newton’ s acoustic analogies occurred in his earliest 
optical writings, well before he developed his theory of mechanics. Most likely, inspi- 
ration carne from his observations of the colors of films and from Hooke’s relevant 
ideas. The periodicity of this phenomenon strongly suggested a wave-like mechanism, 
as Hooke first saw. Newton guessed that the reflection or transmission of light by the 
film corresponded to the number of periodic waves contained in the film. He naturally 
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imagined an analogy with the air waves produced by the impact of bodies on an elastic 
surface, the light corpuscles acting like the hammers of Pythagoras’s mythical black- 
smiths. Hooke’s criticism prompted Newton to develop the analogy between white light 
and mixed sounds, and also to use the straying of sound as an argument against Hooke’s 
wave theory. 

Newton’s acoustic analogies occurred at a time when the concept of sound as a com- 
pression wave was gaining ground, as a consequence of Boyle’s pneumatic experiments 
and of the general progress of experimental acoustics. It was therefore becoming nat¬ 
ural to use sound as a paradigmatic wave phenomenon. Yet the mechanical theory of 
sound was still in its infancy. Even after Newton’s magisterial intervention, it could 
only address the simplest kinds of motion (plañe wave); it harbored much flawed and 
weak reasoning; it ignored phenomena that are today regarded as quintessentially wave- 
like; and it varied considerably from one author to another. This State of affairs calis 
for closer examination of the features of the theory of sound that played a role in 
Newton’s analogies. 

In the first place, Newton transferred the general idea of periodic progressive waves 
without transport of matter from acoustics to optics. His theory of fits exploited the oscil- 
latory character of density or velocity at a point through which this kind of wave travels, 
and could therefore not have been based on the breath conception of sound. The fre- 
quency of these oscillations and the wavelength in a given médium characterized colors 
in his optics as they characterized tones in music. His ether waves and sound waves both 
resulted from material vibrations occurring after the impact of two bodies. In the theory 
of fits, the frequency of the vibrations had to depend on the mass of one of the two bodies 
(the light corpuscle), a feature which Newton explained by analogy with water waves. 
Lastly, Newton used the straying of sound waves to exelude a puré wave theory of light. 

Some of these features correspond to now well-established results of scientific acous¬ 
tics: the compression waves, the correspondence between tone and frequency, and the 
vibrations of sounding bodies. Others would now need to be corrected: the role of the 
mass of a striking body in determining the frequency of the vibrations of the struck 
body, and the diffraction of sound waves irrespective of the wavelength. These features 
belonged to a murky zone of the contemporary physics of sound, a zone in which dif- 
ferent geometers held different views. For instance, Newton and Huygens disagreed on 
the rectilinear propagation of sound, and neither of them understood the importance of 
wavelength in discussing this issue. Had Newton known more acoustics than he did, his 
main objection to the wave theory of light would have fallen and his theory of fits would 
have encountered serious difficulties. At the same time, his acoustic knowledge helped 
him define some lasting features of wave optics: the occurrence of periodic oscillations 
in the source, the correspondence between frequency and color, the relation between 
Newton’s rings and wavelength. 
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3. Conclusions 

Although the ancient Greeks and medieval authors perceived analogies between seeing 
and hearing, these analogies did not serve to model one sense after the other. Moreover, 
they could not conceive any analogy between sound and light per se, because light only 
began to be regarded as an entity propagating from the seen to the seer in Arabic writings 
of the 9th and lOth centuries. In the Renaissance this conception won over older Greek 
concepts of visión, so that light became comparable to sound. 

In the 17th century, many authors emphasized this analogy, with a great variety of 
intentions: Bacon insisted that light and sound both required a propagating médium; 
Kepler, Mersenne, and Kircher transferred ray propagation from optics to acoustics; the 
neo-atomists identified light and sound with fluxes of atoms; Mersenne and a few others 
transferred mechanical-medium concepts from acoustics to optics. The first authors to 
draw significant results from the latter analogy were Hobbes and Hooke in the mid-17th 
century. They did so with a discreetness commended by the confusión of contemporary 
ideas on sound. The first author to truly base optics on the acoustic analogy was Pardies 
in the late 1660s. Huygens similarly placed much emphasis on this analogy in a treatise 
conceived in the 1670s, although he imagined different models for the propagations of 
sound and light. In the same period, Newton exploited analogies between sound waves 
and ether waves in explaining certain color phenomena and the process of visión. By 
that time the physics of sound had made much progress and some of its basic concepts 
had been stabilized. 

Some well-known characteristics of early modern Science help to understand the 
rise of physical analogies between light and sound. Galilean and Baconian empiricism 
favored a physical approach to sound, thus providing a natural counterpart to optics. 
The mechanization of the world picture generated optical theories in which light shared 
the mechanical nature of sound (which had long been recognized). Also the ambition 
of a few philosophers to erect a new natural philosophy on the ruins of Aristotle’s 
favored reflection on the connections between various departments of knowledge. In 
contrast, medieval authors tended to consider sound and light in different contexts and 
with different methods: sound belonged mostly to music, which had a privileged relation 
to arithmetic; optics had more diverse relations to physics, physiology, and geometry, 
and thus had a better chance of becoming an important part of any natural philosophy. 

These broad considerations do not suffice to understand the variable status and contents 
of the analogies encountered in the time span of this study. Ñor do they explain why these 
analogies were more descriptive in the first half of the 17th century and more definitely 
constructive in the second. For a deeper history, one must attend to the internal dynamics 
of analogical reasoning. In the sequel, I focus on three aspects of this dynamics: the 
importance of the relative levels of development of the source and target theories, the 
priming of the analogies, and the evolution of their status and contents over the course 
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of time. For the sake of brevity, I confine the discussion to analogies from sound to 
light. 

From the Greeks to the mid-17th century, concepts of sound mainly derived from 
three metaphors for its propagation: fluxes of atoms emitted by sounding bodies, breaths 
of air moving from the sounding body to the ear, and waves analogous to those 
produced by throwing a stone into a pond. Although the two first concepts belonged 
to two antagonistic schools of thoughts (sound as a material species versus sound as 
an immaterial species), they shared the idea of a motion constantly directed from the 
sounding body to the ear. The third concept was often used in conjunction with the second 
because water waves were not sufficiently understood to exelude a transport of water by 
the waves. The view according to which sound involves periodic, local compressions 
of the air with no net air flux only developed in the 1660s after Boyle’s influential 
study of the spring of air. Newton and his followers then argued that the velocity of 
sound, whose valué had recently been measured with some precisión, only depended on 
the elasticity and the inertia of the air. In contrast, the oíd breath conception of sound 
did not provide any quantitative information on this velocity. In its missile versión, it 
confused the propagation velocity with the velocity of the breath-missile; in the pestle 
versión, it vaguely related finite velocity to the sponginess of the air. 

Thus, there was a bewildering variéty of imagined mechanisms for the propagation 
of sound until the 17th century (and, to a lesser extent, even in the 18th century). 
Writers on sound and music also disagreed on the interpretation of pitch. From the early 
Pythagoreans to the Renaissance, there were many who believed that pitch depended 
on the velocity of motion occurring in the source of sound. A few influential authors, 
including Euclid and Boethius, instead believed pitch to depend on frequeney. Sixteenth- 
century studies of the physical foundations of sound and harmony decided in favor of 
the second alternative. 

This evolution left many possibilities open for the propagation of sound. Besides the 
aforementioned hesitation between atoms, breaths, and waves, an important undecided 
issue was whether sound propagated along curved lines or along straight lines. Nearly 
every author since antiquity believed in the former alternative, until in the 17th century 
Mersenne and Kircher argued that echoes followed the optical law of reflection. From 
then on, opinions were divided. For instance, Huygens supported (approximately) 
rectilinear propagation whereas Newton supported curved propagation. Also, it was not 
clear whether the periodic motion of the air involved a series of short pulses (as Descartes 
and Hooke assumed) resulting from repeated collisions between parts of these bodies and 
the air, or somehow espoused the pendulous vibrations of sounding bodies (as Pardies 
and Newton assumed), or else responded to invisible vibrations at a scale much smaller 
than the visible ones (as Perrault assumed). The three options survived into the 18th 
century. They were all compatible with the coincidence theory of consonance. 

The evolving diversity of opinions on the nature of sound in our period of interest 
was an important limitation for the development of analogies between light and sound. 
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Another was the ignorance of the characteristics of sound that are now regarded as 
essential. Besides the Greek atomists’ speculation of a correlation between the roughness 
of a voice and the roughness of the atoms of sound, there were nearly no explanations 
of the timbre of sounds before Sauveur’s acoustic writings of the early 18th century. 
Standing waves and their role in musical instruments also had to wait until the 18th 
century to be understood, except for some pioneering remarks by Galileo, Hooke, 
and Perrault. The phenomenon of interference was strictly unknown, be it for water 
waves or for sound waves. Several authors, including Mersenne, Pardies, and Huygens 
nonetheless had an inkling of the superposition principie. The theories of sound were 
usually fragmentary and qualitative, save for the quantitative concepts of frequency and 
intensity. Kircher’s geometry of sound rays and Newton’s theory of a plañe compression 
wave were the only mathematized aspects of sound propagation. There was of course 
no equation of propagation, and little was known about the dynamics of vibrations in 
sounding bodies. 50 

This historical survey of acoustic knowledge, confusión, and ignorance from Greek 
antiquity to the 17th century largely explains the long delay in the (retrospectively) 
useful development of analogies between sound and light, as well as their controversial 
character in the 17th century. It does not tell us what prompted such analogies. In 
empiricist accounts of the priming of physical analogies, emphasis is usually placed 
on the Identification of analogous phenomena. Something of this sort occurred in the 
case of seeing and hearing. For instance, Aristotle insisted that both kinds of perception 
depended on the perceived body being activated by an external entity (a striking body 
or sunlight); several anti-atomist authors noted that the emission of light and sound did 
not require any loss of the substance of their source; Hooke compared the emission of 
light by a rubbed diamond to the sounding of string instruments; Mersenne compared 
echoes to the reflection of light; Huygens cited Rpmer’s measurement of the velocity 
for light as a confirmation of the analogy with sound. 

A few other factors played an important role in priming the analogy. The Greeks 
postulated an analogy between the various senses. In particular, the analogies of 
touch with all other senses excluded direct action at a distance and led to one of 
the three following options: extensión of the percipient body, material emission from 
the perceived object, passive médium. The adoption of a specific ontology, be it 
atomist or medium-based, implied a deeper and stronger analogy between seeing and 
hearing. The Pythagorean quest for universal harmonies also suggested analogies—in 
the etymological sense of shared ratios—between the various domains of perception. 
In the 17th century, the rising mechanical worldview brought further analogy between 
light and sound whenever some metaphysical argument restricted the variety of possible 
mechanical models. In neo-atomist theories, sound and light both were corpuscular 
currents mechanically rebounding on the atoms of interposed matter. In mechanical- 
medium theories, sound and light both were local motions of the médium. They could 
still differ in most other respects, as they did in Descartes’s system of the world. 
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The status of a suspected analogy may vary. For Aristotle, for the Greek atomists, 
and for the atomists of the 17th century, the analogy between light and sound was 
purely derivative. It resulted from metaphysical commitment and did not help construct 
optics from acoustics or vice-versa. For authors like Hobbes and Hooke, the analogy 
was clearly constructive, for it helped define some essential characteristics of the theory 
of light by imitation of the theory of sound. For other authors like Huygens and Newton, 
the analogy was both constructive and illustrative. It was not purely constructive because 
some of its results could be reached by other means; it was always illustrative because 
it related new optical concepts to supposedly better understood acoustic phenomena. 

Acoustic analogies were often used in conjunction with simpler analogies such as 
water-waves (Pardies and Newton), heart beats (Hobbes and Pardies), or waves along 
a taut rope (Pardies). The reason for this redundancy no doubt was the unstable and 
fragmented character of acoustic knowledge. No author could assume his preferred theory 
of sound to have been adopted by his reader. Moreover, the acoustic analogy could be 
too imperfect to justify the needed optical concepts without the help of an analogy of 
a different kind. Newton’s stone-in-water analogy for the ether-waves induced by the 
impacting rays of light is a good example of this difficulty. In some comparisons of 
optical and acoustic phenomena, the acoustic phenomenon was regarded as the lesser 
known and it was modeled after the optical phenomenon. This happened in the case of 
Mersenne’s and Kircher’s geometry of sound rays. 

Once a physical analogy has been primed, its development is always selective and 
tentative. According to Mary Hesse’s terminology, any such analogy involves a positive 
analogy, a negative analogy, and a neutral analogy (Hesse, 1966). The positive analogy 
corresponds to well-established features of the source theory that are reproduced in the 
target theory; the negative analogy to those that conflict with the target theory; the neutral 
analogy to those that are left undetermined in the target theory. Hesse emphasizes the 
neutral analogy because it may suggest new phenomena in the domain of the target 
theory. 

In order to take into account the incomplete, diverse, and unexplored character of the 
témplate theory, two additional categories are needed: the silent analogy corresponding 
to yet unidentified features of the témplate theory, and the soft analogy corresponding 
to controversial features of the témplate theory. For instance, interference was a silent 
analogy for a long time in the comparison between light and sound; diffraction was 
a soft analogy because some authors admitted it for sound and others did not. These 
two last sorts of analogy play an important role in the evolution of the target theory. 
Of course, the contents of the five kinds of analogy evolve together with the témplate 
and target theories. With these premises, we may now examine which features of the 
theory of sound were used in the 17th-century optical theories that relied on the acoustic 
analogy (as we began to do in Newton’s case). 

The authors of these theories all assumed that (musical) sound was a periodic motion of 
the air caused by vibrations of the parts of the source. For light, they similarly assumed 
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the existence of a médium, but they disagreed on the nature of this médium and on 
the periodicity of the motion. For Mersenne and Kircher the médium was the air, in the 
closest possible analogy with sound. For anyone who wrote after Torricelli’s and Boyle’s 
vacuum experiments (which showed that light did not need air to propágate), the médium, 
or an essential component of it, had to be specific to light. Pardies, Huygens, and Newton 
called this component ‘the aether.’ By analogy with musical sound, all authors assumed 
the periodicity of the motion of the médium, except Huygens who imagined a random 
succession of pulses (which he called waves). In Huygens’s eyes, this assumption was 
the only way to avoid his predecessors’ idea that the sources of light (like the sources of 
sound) underwent global vibrations, which contradicted the independence of luminous 
points assumed in geometrical optics since Alhazen. In contrast, periodicity played an 
important role in Hooke’s, Pardies’s, and Newton’s explanations of colors. In the Hessian 
terminology, the existence of a (mechanical) médium always was positive analogy, the 
nature of the médium and the periodicity of its motion were either positive or negative 
analogy. 

In connection with the periodicity of musical sounds, there are two commonly 
acknowledged facts that played some role in medium-based optics. The first is that 
the vibrations of the sources of sound most frequently result from the collisions of two 
bodies (one of which may be a jet of air). In his argument of the rubbed diamond, 
Hooke used this fact to justify the existence of vibrations in luminous bodies. Newton 
used it to justify the ether waves produced by the impact of rays over the frontier of two 
media. The second fact is the consonance of tones that have a simple frequency ratio, 
and the resulting división of the octave according to just intonation. Mersenne, Kircher, 
Pardies, Hooke, and Newton all sought similar harmonies in optics. Newton did it most 
systematically in his musical división of the spectrum. In the Hessian terminology, 
vibration by impact and harmony were positive or neutral analogies. 

Some authors, like Mersenne and Hobbes, assumed the breath theory of sound in 
the pestle versión, whereas others like Pardies, Huygens, and Newton, assumed the 
compression-wave theory. Their conceptions of light or of ether waves differed in the 
same way. For this reason, it is inappropriate to characterize Hobbes’s optical theory as 
a wave theory. This would for instance obscure the fact that for Hobbes the velocity of 
propagation (infinite for light) plays no role in the derivation of the law of refraction. 
In the Hessian terminology, the breath and the compression-wave conceptions were soft 
analogies until the former disappeared and the latter became a positive analogy. 

Some authors, like Mersenne, Kircher, and Huygens, assumed the (quasi-) rectilinear 
propagation of sound (in analogy with light!), whereas others, like Hooke and Newton, 
had sound travel around obstacles. Hooke and Newton transposed the second alternative 
to light, with opposite conclusions: Hooke argued that optical diffraction was the 
counterpart of the straying of sound, whereas Newton used the alleged non-existence of 
true optical diffraction as an objection to the puré wave theory of light. In the Hessian 
terminology, rectilinear or curved propagation long remained soft analogies. 
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Thus, the borrowing of acoustic concepts depended both on the author’s preferred 
theory of sound and upon which optical facts he regarded as important. It was so 
selective that it did not suffice to construct a complete optical theory. Some central 
features of the optical theory had no acoustic counterpart, even when this analogy 
was deemed most important. Mechanical models of Cartesian or Newtonian inspiration 
played a significant role in specifying the nature of light and the constitution of the 
ether. Huygens’s contiguous ether balls and Newton’s corpuscles of light were foreign 
to the acoustic analogy. So were light rays and geometrical optics, unless Mersenne’s and 
Kircher’s reverse analogy (from optics to acoustics) is meant. The Huygens construction, 
which succeeded in relating waves and rays in a geometrically precise manner, had no 
earlier known counterpart in acoustics (although Huygens a posteriori meant it to apply 
to sound waves). In general, the acoustic analogy was used in conjunction with different 
tools of theory construction. As has already been pointed out, it was often supplemented 
with more palpable wave analogies. 

This story of weakly based analogy leads to the following moral. A theory that 
historically served as a resource for the construction of other theories (be it by analogy, by 
reduction, or by interconnection) should never be confused with its modern counterpart. 
Although this seems to be a trivial point, it turns out that due to the lack of relevant 
information most historians (including myself) tend to assume that aspects of the 
source theory that are now regarded as self-evident should have been so in earlier 
stages of this theory. For instance, the historians of the energy principie have almost 
always presupposed that fundamental mechanics was (implicitly) conservative since 
its invention, whereas it only became so in the period immediately preceding the 
introduction of this principie. In our story, the concept of waves without transport of 
the médium only entered the scene in the period when the acoustic analogy began to be 
used as a constructive tool. This is only one of the ironies of the history of the acoustic 
analogy, of which more will be said in a future study. 

NOTES 

1. The allusion to Porphyry probably corresponds to the query 39 of the peripatetic Problemata, in 
Ross (1908-1952, vol. 6), known through Porphyry’s commentary to Ptolemy’s Harmonios , and 
discussed above, part 1, p. xxx. On Kepler’s ratios and their application to music and celestial 
motion, cf. Floris Cohén (1984, pp. 13-34). 

2. Descartes gave an obscure justification of rectilinear propagation as that which corresponds to the 
least number of displaced balls when a hole is created in the médium surrounding the source of 
light. He believed that the necessarily imperfect alignment of the balls did not interfere with the 
rectilinear transmission of pressure, by analogy with the pressure transmitted by a curved stick; he 
also believed that there was no mutual hindrance of Crossing rays by analogy with air blown in 
Crossing straight pipes. 

3. On Descartes’s concept of color, cf. Buchwald (2008, pp. 1-46). 

4. On Mersenne’s role, cf. Dear (1988). 

5. Virgil’s exact phrases are ‘et iam per moenia clarior ignis auditur’ (book 2) (and now the fire is 
heard more distinctly through the walls), and ‘visaeque canes ululare per umbram’ (book 6). 
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6. Kircher (1646, book 2, pp. 161-162), adopted Kepler’s theory of visión and reproduced Descartes’ 
relevant figure. 

7. Cf. Shapiro (1973, pp. 145-172), Bernhardt (1990) and Médina (1997). Hobbes’s theory resembles 
an emission theory (he earlier held one), except that it requires a continuous, space-filling médium 
and implies no net flux of this médium because of the alternation of contraction and expansión of 
the source. 

8. Alhazen and Witelo already had finite-width rays, though not in relation to wave propagation: cf. 
Shapiro (1973), 150n. Hobbes truly meant his rays to be conical, but thin enough and far enough 
from the source to be approximated by cylinder: cf. Shapiro (1973, p. 161). 

9. Hobbes may have had in mind the conservation of flux, which requires the product of velocity and 
density to be the same in the two media. 

10. On Hobbes and colors, cf. Blay (1990). In other (mostly unpublished) writings, Hobbes developed 
a personal theory of ocular visión that implied the reorientation of the eye after the impact of light 
rays on the retina. This theory compromised between Kepler’s and Alhazen’s; it shared the latter's 
emphasis on memorized mental images in interpreting the sensorial data. Cf. Stroud (1990) and 
Prins (1987). 

11. That Hobbes held the breath conception is especially visible from his explanation of the speaking 
trumpet (ibid. p. 280): ‘The air which is moved by the first breath and carried forwards in the 
trunk, is not diffused as it would be in the open air, and is consequently brought to the ear almost 
with the same velocity with which it was first breathed out. ’ Hobbes played the bass viol and sang: 
cf. Kassler (1995, p. 58). 

12. On pp. 264-265 (Latin), Hobbes gave an obscure interpretation of prismatic colors as an inclination 
of the fines of the propagated endeavor, inclination caused by the transverse reaction of the 
refracting médium; this might have inspired Hooke’s later theory of colors. 

13. Cf. Shapiro (1973, pp. 172-179 (on Maignan), pp. 179-181 (on Barrow)). Shapiro explains that 
Maignan and Barrow also had derivations of the law of reflection. As can be judged from their 
correspondence (via Mersenne), Descartes and Hobbes did not understand each other’s concepts 
of ray ñor the relations they assumed between velocity and médium: one theory was by contad of 
hard balls, the other by incompressible fluid; there was no well-established mechanics at the time, 
frictional and inertial effects were not clearly separated; there were no uniform concepts of rigidity 
and continuity. Cf. Shapiro (1973, pp. 155-159). 

14. In a diary entry of Jan. 15 th , 1676 (Hooke, 1935, p. 211), Hooke wrote: ‘Compard sound and light 
and shewd how light produced colours in the same way by confounding the pulses.’ He probably 
meant that while a pitched sound corresponded to a periodic succession of pulses, colored light 
corresponded to pairs of unequal pulses (see the Jan. l st entry, p. 204); successive pulses being 
‘confounded’ (not heard separately) in both cases. 

15. Hooke is not quite explicit on this point. His analysis of the colors of thin plates implicitly 
requires it. 

16. Cf. Shapiro (1973, pp. 189-201). 

17. Hooke’s explanation of the colors of thin plates was closer to the modern explanation than 
Newton’s, as it implied the superposition of the rays reflected by the first and second surfaces of the 
píate whereas Newton’s implied only one ray together with fits of easy reflection or transmission 
at the second surface of the píate. 

18. Hooke’s address was motivated by Boyle’s report on shining flesh. In 1673, Hooke acquired 
Pardies’s La statique , in which a theory of light based on analogy with sound was announced: cf. 
Hooke (1935), 40 (23 Apr. 1673), 56 (17 Aug. 1673); Pardies (1673), cited below on p. 16. 

19. See also the more detailed MS in Hooke (1705, pp. 186-190). 

20. Hooke’s argument for gravitation is in his lectores ‘On comets and gravitation’ (Hooke, 1705, 
pp. 184-186). 

21. Hooke (1705, p. 130) rejected the endeavors (conatus) imagined by Descartes and the later Hobbes. 
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22. Hooke’s suggestion is somewhat similar to Mairan’s later idea that different particles of the air 
were responsible for the transmission of different sounds: see forthcoming sequel to this study. 

23. Perrault may have borrowed the billiard ball analogy from his friend Huygens, although he did 
not share the latter’s concept of light as a compression wave. He explained the colors of bodies 
by a specificity of the motion induced in their particles, and the color of the issuing light by the 
selective excitation of the same specificity in some of the particles of the ether (Perrault, 1688, 
pp. 250-252). He fancifully explained refraction by multi-directional re-emission of rays from the 
interface, followed by attraction between oblique rays and the privileged normal ray (ibid., p. 258); 
a similar explanation is found in Fabri (1667, pp. 107-110). 

24. Grimaldi did not cite any source for his remarks on sound (and usually did not ñame any earlier 
author). 

25. Ango was aware of Hooke, whom he criticized for not proving the law of refraction (pp. 90-91). 
Unlike Hobbes, Maignan, and Barrow, Ango/Pardies no longer assumed the conservation of the 
lines of light. Rather, they assumed that the rays delimiting the portions of waves were broken at 
the interface. 

26. In 1668, The Oratorian father Nicholas Joseph Poisson suggested that the distance between two 
colors could be measured by the number of intermedíate colors as the distance between musical 
notes could be measured by the number of intermedíate notes: ‘Si l’oreille juge, de combien de 
degrez le Sol est plus élevé que VUt, l'oeil s’aperfoit aussi de la difference, qu'il y a entre le 
Cramoisy et le Jaune, comptant les degrez de difference par les couleurs comprises entre les deux, 
scav. la couleur de feu, le rouge, Tincamat etc.’ (cited in Oldenburg to Boyle, 17 Mar. 1668, in 
Hunter et al., 2001, vol. 4). 

27. Cf. Shapiro (1973, pp. 218-244), Shapiro (1980), Blay (1992), and Dijkterhuis (2004). 

28. In fact, Descartes believed his model could account for the free Crossing of rays: see note 2. 

29. This reasoning is incorrect: even though the intensity diverges on the envelope, its integral over a 
finite open domain (that ineludes wavelets) has the same order of magnitude whether or not the 
envelope interseets this domain. 

30. On Huygens’s neglect of Grimaldi, cf. Blay (1992, p. 25). 

31. Cf. Dijkterhuis (2004, chap. 5). 

32. Huygens’s relevant writings are in Huygens (1888-1950, vol. 19, pp. 359-377; vol. 20, pp. 1-173). 
On Huygens’s acoustics, cf. Dostrovsky (1975, pp. 200-201). On his musical theory, cf. Floris 
Cohén (1984, pp. 209-228). 

33. Cf. Brett (1908, pp. 73-78). 

34. On the roots of Newton’s atomism, cf. Westfall (1962). On his criticism of Descartes, cf. Shapiro 
(1974). The manuscripts of Newton discussed in this paper are conveniently available on line at 
http://www.newtonproject.sussex.ac.uk/prism.php?id=l (last accessed in May 2010). 

35. Cf. Shapiro (1984), ‘Introduction’; Westfall (1980, pp. 118, 166-174). 

36. Cf. Shapiro (1993, pp. 8-12, chap. 2). 

37. As can be judged from later writings (1675), the first obscure sentence of the citation means that 
light cannot travel along the curved path of a nerve by repeated scattering by the particles of 
the liquor contained in the nerves, because such scattering would imply the opacity of bodies in 
general (besides, Newton explains reflection and refraction by a change of ether density, not by 
collisions between light corpuscles and material corpuscles, because this process would not yield 
any well-defined direction of reflection or refraction). 

38. On this exchange, cf. Westfall (1980, pp. 241-247). 

39. Cf. Sabra (1963) and Blay (1980). 

40. This minimal consequence of the corpuscular view is what Buchwald (1989, pp. xviii, 50-51) 
(following Thomas Young) called ‘selectionism’ in the context of early 19th-century optics. 

41. That Hooke actually accepted the correspondence between color and frequeney is far from evident. 
On 1 Jan. 1676, he wrote in his diary (Hooke, 1935, p. 205): ‘I shewd that Mr. Newton had taken 
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my hypothesis of the puls or wave... But I shewd that twas a double puls moving together the one 
a stronger or quicker and the other a weaker or slower puls, that it Depended upon the thickness 
of the plated body that I could produce and compound Colours, by thinness and thickness only.’ 
This sounds more like a rehearsal of the theory given in the Micrographia. 

42. Newton ([1675], p. 263) implicitly identifies the ‘bigness’ with the mass of the corpuscles. See 
also Newton to Boyle, 28 Feb. 1679, in Birch (1744, vol. 1, pp. 70-73). The variety of spirits 
included in Newton’s aether and its tensional quality may have reflected his alchemical concems, 
although his optical ether was mostly mechanical: cf. Westfall (1980, pp. 269-271). 

43. See also Newton to Oldenburg, 10 Jan. 1676, in Turnbull et al. (1959-1977, vol. 2): That aether 
is a finer degree of air and air a vibrating Médium are oíd notions an ye principies I go upon.’ 

44. See also Newton to Briggs, 25 April 1685, in Turnbull et al. (1959-1977, vol. 2, pp. 417-419): 
‘Nature is after all simple, and is normally self-consistent throughout an immense variety of effects, 
by maintaining the same mode of operation. But how rnuch more so in the causes of the related 
senses?’ On Newton’s ‘analogy of nature,’ cf., e.g., Shapiro (1993, pp. 43-44). 

45. Cf. Wardhaugh (2006, pp. 103-107, 253-259), McGuire and Rattansi (1966), Gouk (1986, 1988, 
1999), Hutchison (2004 chap. 7). 

46. Newton, [c. 1665], ff. 137r-143v; Musical calculations, Cambridge University Library, Add. 4000, 
ff. 104r-l 13v and Add. 3958 (B), f. 31r. 

47. Hooke announced his own discovery of diffraction (which he called ‘inflection’) on 18 March 1675 
at the Royal Society: cf. Birch (1756-1757, vol.3, pp. 194-195). Fabri anticipated the idea of a 
refracting atmosphere: cf. Hall (1990). 

48. Cf. Blay (1983) and Hall (1993). 

49. This paradox is important for the later history of optics, because it explains why Newton’s Opticks 
and his earlier optical papers were an important source for later wave theorists. 

50. On early theories of vibrations, cf. Truesdell (1960). 
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